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ABSTRACT

This report war prapared to provide guidelines for the military design
endinesr in develeping improved corrodion control techniquep for military
combat and tactical vehiclez, [t cowvars bagic corposion thaory,
principles of propear design and protective tpatinga for metals. The
common formd of corrogion are reviewed and apecific approachea to control
¢f esach type are pukgerted.

DISCLAIMER

Tha citation of trade names and names of manufactursera in this report ig
not to be construad ag official Government endorssmant or approval of
commergial products or servicez referenced herain,
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FREFACE

Unintended deetruction or deterioration of a material due to reactien
with environmant ig defined ag corrofion. Corrpgion prevention ig
important dus to it8 impact on cost, dafety of coperation of equipmant, and
congervation of valuable raw materials. It hag been edtimatad that the
diveot and indirect tetal cogt of corrogien iz #30 -T0 billion for the US
and arcund €8 billion for the defense seactor. However, there i a
potential to 2ave at lea=zt 35% of thiz cost with the application of
exiating knowladga of corrosion prevantion and control.

A% coreogion affectdg both economy and military preparedness of the
Armed Forcee, awareness and applicaticen of Corrozion Prevention and
Control (SPC) technigques at all stages of decign, fabrication, and
maintenance become vitally important.

Thig publication ig an updated vergion of a previecusly publizhed CPC
degign guide, for Tactical Vehicles, publighed in [#B8l. $fince then, the
knowledge of CPC Technigues has developed subatantially. New medern
combat weapon systems are baing developed at TACOM. 14 wag therefors
decided %o publigh a complete new degign guids to advanca CPC and Lo
include coverage for both tactical and combal wahiolesz. Thig design guide
documant pregents information and techniques primarily intended to impraove
the quality through prevention of corragsion. Also added iz a new chapter
titlad “Lessong Learnsd’ which deseribes the corropion preblems
experianced in freldead squipment, pssaible cauze?, and recommanded
dolutions.

Te accompligh thig task, Mr. Alexander R. Kovnat, a Mechanical
Enginaser with a Masztepr of Science Degree in Nuelear Engineering, who wasg
the author of the previcus CFC Degign Guide wag reguested to research the
gtate-of-the-art of CP{ and prepare thiz hew Dasign Guide for Combat and
Tactical Vehiclez. Thig new publication is the result. It is meant toc be
adurational and informative to the reader. In preparation of this degign
guide the author has searched previcusly published literature on corrogion
from various spurces, papers, referonces and publicationz. Recognition
and acknowledgement= ara herewith expressed tao all thoge authors and
publigharz. Any opinions expregsed within this degign guide are these of
tha author and do not mecegarily repregent any official position of the
U.5. Army Tank-Automotive Command.

Thig report may not be the last word on corrogion prevention, but
rather a document which is iatended to direct attention to a complex
problem. The elimination and reduction of failures in Army equipment i7 a
cooperative responsibiiity of Government and Iadustry. TACOM encourages
recipients of this publication to review and inform this organization of
any comments, suggestions and any new technigues or metheds on preventien
and control of corredion which can be addressed in future CFC design guide
publicatione. TFleaas address CPC correxpondence to;

Commander, U.35. Army Tank-Autometive Command
Atin: AMSTA-TMC (Pad Cherukuri{ P.E.]
Warren, MI 48337-5000

Ph: (3i3) 574-8832% or AV THG6-88323.
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CHAPTER 1
INTRODUCTION

The purpode of this document ig to address tha problemg of corrosion
in military taciical and combat vehiclas.

Corrogion of metala incrgafes maintenance raguirsmentg and reduces
the ugeful lifa of tactical and combat vehicleg. In addition, a corroded
body, frame, or propulgion zystem component ig not conducive to safety,
reliability, appearance or troop morala. Corredion-related problems ara
impeding, in additional coat burdens to the Army. an edtimated 2.0 to 2.5
billion dollars annually,

In 1985, the Commanding Gemeral of the Aroy Material Command (AMC)
igzAued 4 Cemmander's Guidancae Statement on Corroeion Pravention and
Contrel (CPZ). Thix statemant directed all major gubcommands within AMC
to utilize =tate-of-the-art corroeion contrel tachnology in original
aquipment depigna. Thae stated objective is to achieve oorresion-frae
dasign by utilizing design practicas that addresgs zelection of materials,
coating®, surface treatments, system geomeiry, material limitationz,
snvironmantal axtremesz, 2torage conditions, packaging and pregervation
roquirements, and rebuild/spare parts requivements.

In accordance with the Commander's Guidance Statement, the Corrosion
and Materials Brangh of Manufacturing Technology and Producibility
Division of the RDE Canter of the U.5. Army Tank-Automotive Command
{TACOM) has been dezignated az the TACOM focal point for Corrosion
Proevention and Contrel. Asgigned respongibilities include establishing
CFC programas for Tank-Automeotive materiel. The Corrcegion and Matarialsz
Braneh alse adminizters tha training of personnel to develop awaranaesz of
the impertance of CPC in TACOM-managed programd.

Becauge training of TACOM persgonnel i3 an egsential part of CPC, the
Corrozion and Materialg Branch reviged a report, Desifgn Guidelines for
Frevention of Corromion inm Tarctical Vehiclea. That report, originally
written in 1§80/1981, hag been exupanded %o include combat as well as
tactical vehicles, and to accomodate technical developmenta that have
gocurred singe 1981,

The reaulting reviged document igsued here, ig intended for uze by
industrial contractors as wall ag projecti degign groups within TACOM.
Thig design guide can make a contribution to CPC by enkancing awarenezg of
corrosion and dgtresging tha technology that can be used to reduce itz
corrcBion cogtd.

While thig report concentrates om the problem of metal corrozion, the
degigner must keep in mind the possibility of replacing metals with
poelymerz and polymer/fiber compogites. The various aspects of dedign with
compogites will be addressed in a future report.







CHAPTER 2
THECHY AND BAEIC PRINCIFLES OF CORROSION

2.1 Dafinition. One can stimulate lively debate among studentz in a
corrogion prevention coursa Eimply by asking what the word “corrosion”
maany.

Many angineare will define corrogion az any chemical reaction betwesn
a metal surface and itz rurrounding environment. Obvicuzly, corrosion
occurs when steel surfaces rust. Howevar, doeg corrcaion occur when
dtalinledd steals react with atmoapheric oxygen o form a geli-liniting
gurface oxide layer? Qan one speak of "corrozion’ whan ftasl iz eubjected
to phodphating golutions to form a layer of phodphate tc 2erve ag a paint
bada?

Furthermore, when warioud alloys exhibit stregs-corrogion wracking,
can one fsay that no coppodion occcurrad becaude vary little metallic
gubstanca gchemigally combined with the sfurrounding environment?

Corrogion will be defined, for the purposesd of thig document, as
unwantad chemical reaction batween a npetallic materisl and itz
envirconmant, rezulting in deterigration of #trength or cther properties
aisantial to the performance of & given ltem or system. In Homw
ingtances, corrogion can alao be defined as formation of unwanted reaction
products which contaminate water, food, or other products, For example, a
water storage tank iz cvongidered to bave corrodad if tha water is rust {or
other cerrogion product)-contaminated, even if the tank loses only a
litble of itd inner #urface. Also, corpoded iteme can be unsightly {an
“ayegora’), avan if epough metal iz provided in itz design to allow for
corrodion during a gpecified timeframe.

The broader term paterial deterioration ia uvaed t¢ Jegqribe phanomana
whereby materiale in general {i.a., rubber, plaatics, wood)} suffer loss of
integrity, or contaminate other materials, becauza cf environmental
influencas guch ag ultraviolat radiation, or prasanca o! substancar with
which tha material in queation iz not compatible. For example, polyvinyl
chlorida {PV() can decompoas when subjected to high temperature. Not only
dosa tha PYC losa ite strangth or insulating propertiesz, but alde, it
ganarates vaporz whichk can corrode metal component2 in the gyatem in which
the PVC waz uged. Ultraviclat radiation degrades polymers by breaking the
molecular chaint which are tha eszence of thede materials. Ozone, present
in the atopzphere at concentrationz leys than 1 part per millien, cauzes
ambrittlement of rubber tireg2. Microordanismg caude materlala such as
wood or canvag to rotl and can algo prometa metal corropion.

2.2 Fundamentals of Electrochemigtry.

2.2.1 Jeneral Concepts. Corrodion ig nature's way of returning metals
and allovz to their natural state, i.8., oxidez or other chemical




compoundg. Bxcept for very few metale, most notably gold, a matal in
uncombined form 18 unnatural 1f oxygen im around. Iron, for axample,
‘wante” to be an oxide. Thls can bhappen in cne of two waye: it can
tcombine with caygen directly, or indirectly via electrochsmical procegmest
involving ¢xyden and an alsctrolyte, which will be discueped in subsequent
paragraphs. The fcrmar procesg ig mostly a high temperature (1000F or
thersabouts) phenomena, while the lattar can ococur at normal environmental
temperatura.

Corregicn of motor vehicles and other metal #tructured of intarest to
the armaed forcaef is essentially elecirochemical, with four bagic eloments
neaded for the procede to take place: 1) an anode, Z} a cathode, 3) an
s#lactrically conductive medium or slectrclyte, and 4] an electrical
connection between the anode and cathods other than the electrelyta.

Conaider an electric battery [dee Figure 1) congisting of a strip of
ring, a strip of copper, and a medium such ag bydrochloric acid, sulfurice
acid, or evaen a sclution of common falt (scdium chloride). Note that thae
gtripa are nobt touching one another. If wa connect a volimeler to the
gtripa, ag shown in the figure, we measure an electrical potential or
voltage. The zinc 2trip agsumed a nagative petential relativa to tha

copper dtrip.
@ | o~ VOLTMETER

ELECTROLYTE

ZTKC COFFER

Fig., L. APPARATUS FOR DEMONSTRATING THE
EX15TENCE OF CORROE{DH POTENTIAL

11 the ginc 1= very pure [i.a.. very little impuritias whish would
cauge local effacte) and If the voltmeter draws very little current, no
chemical reactions will occur. If any reactiona do occur, they do 8o very
glowly. Nenethaleze, the elactrical potential is a$ill there, and can be
maasured by the veoltmeter.

What thiz potential or voltage means, id that the zinc has a tandancy
to form iong, i.e.,

Zn ====% Zn"" + % elactronsz,

#* Direct oxldation i#2 theorized to ba electrochemical, invelving
diffugion of oxygen iond through metal oxide filma.



and to push the slectrons through the volitmater to the copper atrip.
Since the two siectrona hava to be aecountad for in che way or another,
the zinc does not form ions at any significant rate unlese current can
frealy flow from the zine to the copper vila an exiernal cirvouit.

If the zinc and copper are connacted (Figure 2), chemical reacticons
gtart happening. The zine gives up two electrone per atom to form icna.
which paea into the medium. The frees electronz travel via the external
gircuit te the copper strip, whera thay re-enter the conductive mgdium in
one or more reactiong whoge nature depend2 on tke &lectrolyte involved.

YARLABLE RESISTANCE

AMHETER ﬂ\ r

VOLTMETER

Fig. 2. A5 ABDLNE, WITH ADDITION OF VARIABLE
RESTSTANCE AMD AMMETER

In an acidic medium, hydrogen ions are prasent dus to the tendency of
acidic gubgtances te divasmociate when dissolved in water. Sulfuric acid
In =olution disasscciates inte hydrogen and zulfate jons, ap folleows:

HaB04 --==) 2H* ¢ 507"

Likewisa, hydrogen chloride, normally a gas, formd hydrogen and chloride
ions in agquacusd solution, whila nitric acid formd hydrogen and nitrate
fong, and gimilar rractiona cccur for other acida.

Whan the electrons froem tha zine electrods reach the copper electrode
in an acid pedium, thay ccmbine with the hydrogen ionz to form gageousd
hydrogen:

2¢ + ZH* ----) Ha

Tha gulfate (chloride, nitrate, etc.) ions ramain in the agueous
golution, g0 that inAtead of pure 2inc and hydrogen sulfata (chlorida,
nitrate, ete.}, we now have hydrogen gas and zinc sulfate (zhloride,
nitrate, eteo.l).

In nep-acid (neutral, or alkaline! media, the electrons turred looge
by the zine are consumed in other veactiond, guch azm:

2a + 172 04 + Ha® ~~--» 20H~ or 2e + 2030 ----» Ha + 20H"



The OH, or hydroxyl, lon# can combine with iona of zinc or other metai to
form hydroxida, which may in turn break down to form bydrated oxidea. The
rusting ol iron or gteel ig A5 exampls of indirect oxidation via formation
of iensd, reduction of oxygen to form O ions, formation of hydroxide, and
gubgaqient decompoXition of the hydroxide to metal oxide and water,

In the oxample digcusged above--zinc, copper, a suitable madiuom, and a
phy=zical connection betwean tha matalg--one¢ tan ses tha four baaje
alaments that must be present for corromion to take place. The anods is
the metal, or area thereof, that corrodes. The cathode i2 & surface with
leppar tendency t¢ corrode, which therefore takes up electronz from tha
anode and complates the corrogion reaction. Thae electealyte i8 & liguid,
almozt always an agueouz 2olution, which provides an ionig fonducticn
path. The physical connection between.anods and cathode (the fourth
#lement} provides an electronic gonduction path. In the above exampla,
2inc sulfata {(or other compound} ia the cerrogion productk.

2.2.2 Corrosion rate, driving potential. In Figure 2, a voltmeter and
ammatar are shown. If the variable resistance ia aet to Infinity, (i.e.,
open cireult) a voltage will be displayed on the woltmeter., Thi® woltaga
18 a measure of the inherant deriving force bahind the overall reaction

Zn + ZA* ~-==) Zn** + Hzy or Zn + 172 0z + Hx( ----% Zni0R)s

in the given media. The higher the veltage, the more the alactpochemical
Teaction ‘wants’ to take place. The driving potential is linaarly related
to the differenca in Gibbe {ree enerfgy betwsen initial and final products
of the corredion reagtion. This, in turn, iz the meadure of the
thermodynamio tendency of any chemical reactlon to proceed. If delta G (G
final - @ initial) iz lesa than zerc, the chemical raaction will have a
thermodynamic tendency to spontanecusly go forward.

If a current flows, the woliage meagured by the veoltmeter will he lezm
than the open-cirecuit veoltaga, and hence is not, at thiz point, an
indication of the inharant driving fores behind the reaction. Tha current
meagured by the ammatar i2, howsver, an accurate meadure {naglaecting local
effecte at the ancde) of the rate at which the anode i8 corroding. Each
atom of =zinc, for example, can only daliver twe electrons. Henoe ourrant
flow, meagured in unite of current per unii of anode area, is linearly
related to corrogion rate in units of masg (or, volume) per unit area per
unit time. For example, zinc {density 7.14 gram/cc., atomic welght




55,36}, when subjected to a corroslon current of 1 microampars par squary
centimeter, corrodea at thiz rate:

] fram-squiv.

10-"® soulpmb™ x ¢f alectrans = 1 gram equiv. Zn
gec-cm? 58,489 coulombe 2 gram equiv. slectrong

65.30 gram x ont » 3500 dee o 0,171 x 10" om/he.

Em-aquiv. Zn T.14 gram hr
2.2.3 Standard Elegtromotive Seriasn. Each metallic element (pure iron,

pure zinc, pure copper, etc.)] has2 an inherent thermodynamic tandency to
form iong when immersed in an agueouz medium. Dafining and meaguring
thig tendency, howsver, needs some explanation. Firsi, neither anodio nor
cathodic reactions can gocur independently. Accordingly, the tendsncy of
a metal to form iond can only be defined and measured relative to a
gtandard cathoede reaction. Furthermors, the behavior of a metal in
eontact with an aguecu® solution varies with the concentration of it2 icns
already in ihe sclution.

Elactrochemiata define the gtandard potential of a pure metal by
measuring its voltage relative to & hydrogen electrode, with the metal in
contact with & golubion of itm iond at unit activity {1 gram-mole per
liter, with an allowance for a corraction factor callad the activity
coefficient). 1I1f unit activity cannot be achieved, a correction {actor
can be applied to whatever concantration that can be achieved. The
hydrogen electrode is likewirge zurrounded by & dclution with a unit
activity of hydrogen icnd, with bhydrogen gad at | gtandard atmoaphere
feeding the alectroda, A muitable ionic bridge zeparatezs the two
aforementionad scluticns while providing ienic conduction, de that an
electrical potential difference can exist and be measured. Tha
temparature is maintained at 25C,

Onder thede conditions, the reactieon

¥ ----> ¥™* + n electrone
will have an electrical potential relative to the hydrogen electirode
reaction
Hy ----» ZH* + 2 electrons.
The potential ¢f the hydrogen alectrode ls arbitrarily defined asm zarg
volts., Accordingly, #ince zina, under standard conditions, measuras

-0.783 volta relative to the ztandard hydrogen electrode, ita gtandard
potential is gtatad as -0.763 volts.

¥ 1 coulomb = quantity of charge equivalent to | ampere for 1 gacond



A woerd about sign convention id in order here. Electricity ia scmawhat
l1ike a hydraulic fluid, with voltage baing aquivalent to pressura and
current aguivalent to flow rate. Since the bazic sarrler of
electricity--the electron--id nagativaly charged by dafinition, tha
negative terminazl of a battery or D.C. genarator id the terminal where the
alactrons are under “positive pressurs’. In a corrodion cell, the
olectronz are under positive prasaure at the ancdic, or corroding metal,
whila at the cathodic metal thay are under “duction’, aven though the
former iz labeled "-" and tha latter, "+7,

Onder the game conditica#, iron had a Atandard potential of -0 440
volte., Magnegsium has the hlighest standard potential of all ptructural
netals, -2.3T volta, In all ingtancex whars the standard potential ia
negative, the metal tendz to go from the pure state to fons in sclution,
while at the bhydrogan alactrode, the hydrogan ionag tend to abaorb
electronas and become hydrogen pam.

Noble metals, dauch asd gold, do not form fiond in non-oxidizing
anvirenmenta, JIf the astandard potential of gold is measursed, wa find that
the hydrogen would be the “corroding” electrode, while the gold would
actually deionize, i.8.,

Au*** 3§ electrona ----) M

The hydrogen would have a thermodynamic tendensy t¢ form E* ionsg,
and the electrona thusd detached would be under 1.50 velis “pressure’
roalative to the gold electrode. Accordingly, with the sign convention
dezoribed abova, the standard slesctrods potential for gold i +1.50 volts,

The elactromctive force meriss {(ssa Tabla 1) is & relstive ranking of
the tendency te form ione under standard copditions. Henece if one were to
prepars the getup ln Figure 3, the iron (gtandard potantial -0.440 veolts)
will have a tendancy to corrode, while tha copper {(atd. pot. +0.337 volta)
will dejoniza. The overall reaction would be

Fe + Cu** ----) Fa*™ + C(u.

RIGH, BUT FIRITE
RESLSTARCE “n,

PFOROUS 10WIC BRIDCE

ELECTRON FLOW

Cu

Fe ﬂ-hhhﬂ

UHTT ACTIYITY Fe++ \\\"UHIT ACTIVITY Cu++

Flg, 3. AFEARATUS FOR DENORSTRATIHG DIFFEREWNCE IH STARDARD
PUTENTIAL MLTWEER TRGH (Fe) ABD COPPER {Cu)
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Fig. 4. A5 ABOVE, EXCEPT FOR (Ze) 1M FLACE 0OF COPPER (Cu)

On the other hand, tha iron electrode in Figure 4 {agein, ~0.440 volts
std. pot.) will be protected whilae the zing electrode {std. pet. -.783
voita) will cerrode., Thig i3, in fact, what happena in the real world
when mild steel 13 galvanjcally protected By zinc coatings. In the casze
¢! copper and iron, 1t likewize mo happens that copper in contact with
gteml in sea water resultg in accelerated corrcgion of tha 2tesl.

TABLE 1
Mg -=-=-> Mg++ + Za- -2.370 volts
Rl -===} Al+++ 4+ Ja- -1.680 ¥
Zn -=-==2 Zn++ + 2a- -0.763 v
Fg ---+) Fat+ +  Zu- -0.440 v
i -=-=-) Njit+ + Ze- -0.280 v
3n --==} Bn++ v+ Ze- -0.138 v
Fb ====3 Pb++ + Za- -0 136 v
g2 ~---» LR+ + Za- 0.000 v
fiu ====> Cu++ + 28- +0.337 v
Hg ----> Hg++ + Za- +},.854 v
Pt ----> Pt++ + Ra- +1,200 v
Au --==2 Ru+++ + Ja- 1,500 v
2.2.4 Galvanic Series, The standard elacirometive series muet not,

however, be uged asm a demign guide, becausa it doag not reflect real world
conditiong. In actual enfineering gituvationz, metals are not surrounded
by tnit activities of their iong. Endineers dealing with corrosion
gituatiend involving coupling of dizgimilar metals would be batter to
consult & galvanic seriar, which ranke various matals and alloys when
coupled to a standard electrode in #ea watear, or saltwater of a given
concentration, and with given flow velogity. A galvanic serieg for Aea
water 18 given in Table 2.




TABLE 2. GALVAMIC SERJES OF SOME COWMEACIAL METALS
AN ALLDKS IK STAMATEN
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2.2.5 Folarization and Corrcdion Potentijal, Whan a corroslon Bituation
such asa Figure 1 iz det up, the corrozion rate at the anodes (in mass or
volume per unit area per unit time) ig directly proportional to current
dengity at the anode. The current flow, in turn, is limited by the
radiatances of the elactronic conduction path, tha zolution, the
interfaceg between acluticn and anode, and sclution and sathede. In an
anginesring corrodion situation, one must congarvatively asfoums that the
elagctronic and ioni¢ ¢conduction pathe offar pegligible resistance to
currsnt flow. The only phenomena holding back the current iw polarization
at the ancda, %he cathode, or both. At the anode, ilonw of digepolved metal
can agt a8 a sheath, partially blocking further digaclution. Layersa of
corroaion productz can alse hinder further digmolution. At the cathode,
electrona can only be dispesed of as fagbt ag the kinetice of hydrogen
reduction and digcharge, or cxygan diffugsion and raeduction, will allew.
Refar to Figures 5 and 8. The electrochemical potential of both anode
and cathode are measured relative to a refarsnce electrods, guch az the
marcury/mercurour chloride reaction. At infinite external resigztance (no




current flow), the anode will posmessz ona charactarisgtic potential E..,
and the cathode will likewise possess & characteristic potential, Ea..
The difference betwaen Ea. and Eo.c is tha characteristic driving force
behind tha corrosicn reaction. Whan currant i¥ drawn, the potantial of
the anode Ea becomms less nagative (or mors pogitive) dus to anode
polarizatisn. 'The cathada potentjal Ep becomed leas pesitive (or mora
negative} due to cathede polarization.
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At zerc external resistance i(ghort circult), current flow ig limited
entirely by polarization, neglecting electrclyte resistance. The anodé
and cathode will now have the game potential Eeerr relative to the
standard electrode. Thia 1= -the corromion potaential of thig pearticular
aydten. The corrodicn current, leerr normalized tc ancds area, is
linearly ralated to corrosion rate, a¢ explained aarliaer,

2.2.8 Anode/Cathods Pclarization, and Relative dArea Effect. I1f the
potential of the anode Ba changaa greatly am current incraazes while
cathnde potential Eo changed vary little, the corrcdicon current at
short-circuit will be limited by anode polarization (daa Fig Ta). Tha
corrogion process is then said tc be under anoda cortrel. Likewimse, if
the cathode polarizes readily while the anode doss not, tha corrogion
proceds is #zid to be undar cathocde control.

OTENTLAL wa STAHDARD ELECTRADE
r .

CURRENT DEMSITY
COrr

Fig. 7a. CQORROSTNN UNDER AROODE CONTRIOE

—

Figp. Th. coumkuSiod UNBER CaATHUDL CUNTROL

The preceeding paragraphe agsumed egual ancde and cathode areag. If
the areag are net equal, the current dengities at ancde and cathode will
ba unaqual. However, tha total current will be the mama at both anode and
cathode, becauze every slectron tranaferred in an ancdic reaction must ba
accounted for in a cathedic reaction.
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In engineering corrosion gituations involving digdimilar metals, the
relative aresag of anode and cathode are impportant in determining thae
gorrodion rate at the anode. If the cathode area iz much leas than that
of tha anode, any given corrosion current tgaults in a much higher current
density at the former than at tha latter. If cathode pelarization iz an
important factor (it udually is, Because ¢f the kinatics of the oxygden
reduction reaction 1+/2 0z + Eal + 2 slectrons ----) 20H™), total
corrodion eurvent will be limited %o 2 low value because, at that valus,
the cathode ¢urrent density 1g ag great as the kinekica of cathode
reactions wiil allow. In addition, the low total corrcdion current is
digtributed over a large anode, regulting in a low rate of corrosion in
terms of metal lods par unit area. With a large cathodes and Emall anode,
cathode polarization ig less promounced, bacauge for any gilven total
current the cathode current denalty i3 low., And sven a low total
corrogion current will regult in a high corrogion rate in metal lost per
unit area per unit time, becauge there 1la lazz2 anode area ovar which teo
diatribute the losas. Thid iz why large cathode/anode area ratlcea zhould
be avoided in engineering dazign. -

2.3 Tharmodynamics vd Hineticsg. The diagrams shown in Figures 6 and 7,
known as Evanz diagrams, can also be used to illugtrate the distinction
batwoan thermodynamics and kineties. Figure 8a iz an Evans diagram cf a
corrofion 2ituation where thers iz a strong thermodynamic driving force,
ag repregenied by the large diiference between anode and cathode
potentials. Fig. Bb illuatratez a 2mall driving potential. Note that in
Fig. Ba the corrogion rate ia low bocauze of pronounced polarizaticn
effects. The reaction in &a iz favored thermedynamically but not
kinetically. In Bb the reaction doez not have a powerful thermodynamic
driving foree, but proceedsp mora rapidly becausa thare iz little
polarization. Thiz means that rate-limiting kinetic factore are not
gtrongly manifesatad in Fig. &b, In Fig. Ba, kinetica congtitutes the
dominant factor. Figures Ba and 8b illustrate how kinetics can gverride
thermodynamica in datermining corrcgion rates.

LARGE TRIVIKG
r FOTENTTAL

I\

Ieorr

Fig. Ba-
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Fig. A. EVANS PIAGEAMS SHOWING HOW RIRETICS CAN OVERRIDE
THERHQDTHAMIES N BETERMLHINC CORROSIDE RATE

3.4 Real-World Corrosicn Effecta. Corrogion caused by digeimjlar
matala in contact with one another ig an important problem 1n real-world
enginearing design. However, a bimetallic couple nead not be pregent to
s8¢t up an electrochemical cell. If a gtrip of nild ateel ig placed in an
acld solution, different regions on the metal gurface will hacome anodico
and cathodic, zhifting from time to time, because of non-uniformities in
the stesl'z microgtructure. Particles (i.e., carbon) can act a=z cathodes,
gettingd up #mall electrochemical cellz2. Expeaing a watal surface to an
glectrolyte where the concentraticn of metal ions variesz from one lpcation
t¢ ancther, will zelb up an elsctrochemical differential concentration cell

{often referred Lo 8imply as8 a concentration cell)l. In matal etructures
with jointg, crevices can be formed by overlapping surfaces at welds, or
at bolted or riveted joints. Metal within crevices can become anodilic due
to differential aeration effects, resulting in locallzed corvosion. When
& metal iy expoded to an electrelyte. any phencmenon that ocreates an
alactrochemical potential difference betwsan one leocation and ancther will
cauge the anodic area to corrode.

2.5 Forma of Corroajon. Corrogfon manitadts itsel! in a varlety of
forme. It gan causa uniform wastage of metal, or it can manifest itmalf
ag intende matal dissolution over a small area. A gummary of the forms of
corrozion encountered by the dedign engineer iz fiven as followe.

2.5.1 Uniferm corrogion. Thiz happans when a wetal furfaca, upon
axpodura to the atmoaphare or an alactrolyte, forma minute anodic and
cathedic regiong which ghift about az corrosion prograzaaz. Rusting of
iren or gteel is the meoet familiar example.

13
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2.5.2 Pltting., Pitting is a looslized phenomena where small arsas
corrode preferentially, forming cavities (pita) in a metal surface. This
type of corrosdion occurs when mqatals that form paseive oxide layere {i.e..
Btainlesd ntaals) are exposed to envircnments containing certain ionz,
notably chlorida. The corrodive ionsd penetrate weak pointe in tha
normally protective oxide layar, creating loealized corrcaion celle. The
localized correzion aite, or pit, iz the anode, while surrcunding
uncorreded metal i the cathode. Pitting 1o & very degtructive form of
gorrogion, becauze the pits tend to rapidly become desper until
perforation of a component (i.¢., tubingl occure.

2.5.3 Crovice Corronion. This cccurg in locations such az2 jointz or
recessez (ges Figure ). Ona mechanism accounting fer crevice corrodien
iz differential aeration, where mwetal within tha craevice ig gubjected to
lede oxygen than the zurrounding metal. The greater availability of
oxygfen outdide the crevice meis up an elactrochemical cell, with the
crevice ad tha anodse. Once metal disaclution begins, the corrosion
process becomes autocatalytic (as in pitting), regulting in intensae
localized corresion,

I-/‘/':.J._: | :"I/_.-’J. s

Fig. 9. CREVICE CORROSION

2.5.4 Poulticae corrogion. This cccura when deposits of mnd or other
dabrig hold stagnant moisture in contact with a metal surface. As with
eravican, differential asration f¢is up an electrochemical cell which
initiates corrogion in oxygen-dtarved locations. In addition, auch
daposita abgorb moidtura from the atmezphere. Thay alzo tend to prolong
the presence of moidture which would otherwisa drain away or evaperate.
Thig invariably increage’ corrosion difificulties.

2.%.9 Galvanic Corragion. All formz of corrozion are "galvanic”,
becauda diffarence? in electroechamical potential batweewn anodic and
cathodic metals, or regions of the #ame metal, driva the procezs forward,
When engineara apeak cof galvanic corrogion, Yhay are referring te
corrogion of one matal brought about by (or accalarated by) elecirical
contact with a different metal, which actg a2 a cathode when both matals
are gubjectad to an electrolyte.
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Galvanic corrogion of a sacrificial metal can be ufed to forestall
corrofdiocn of 'a metal one wantz to brutqct.__stnnl gtorage tanks located
underground in conductive moil can be protected by placing macrificial
anoded of zinc or magnezium in proximity to the tank, with an alactrical
eonnection between them. Zinc coatings on stesl are beneficial bLecauge
the former corrodes gacrificially, protecting the lattar at pores,
aeratoehes or other discontinuitie# in the coating.

2.5.8 Efiragg-Corrosion Cracking. {BCC) can happen when a matal or
alloy, suacaptible to a given corrodive agent, iz exposed to that

#ybatance while aimultanecusly under tenalle =ztrezg. Brass cariridge
cadggd wore at one Lime susceptible te “maapon cracking” during the mongoon
geason in India, due to presence of ammonia in the locel atmosphere. 5CC
affacts a number of alloys including ztainless ateals, and allove of
aluminum, magnegium, and titanium., A related phenomena, hydrogen
epbrittlepent, iz a problem with high strength staals.

Flagtice can duffer Etregs-ceorrogion cracking. Scme polymeric
materiala (i.e¢., polycarbonataes}) will ‘craze”, or develop a pattern of
surface cracks, when axposed to certain chomicals.

2.8.7 Intergranular Corrosion. Thie ig preferantial corrogive attack
along grain boundaries, arising from electrochemical potential differences
between graing and grain boundary precipltates. Intergranular corresion
ig a problem with austenitic stainless stesls subjected %o improper heat
treatment, unintentionally, during welding. Chromium farbid4 precipitates
form at grain boundariez, leaving adjacent graina depleted in chropium and
kence vulmnerable t¢ corrogion.

2.5.8 Exfoliation, or layer corroficn, ig a problem with high 2trength
aluminum alley®. It occury when a vulnerable alley is relled o a8 to
form an alongated grain struectura, Upon exposure Lo an elecirolrytie,
corrogive attack proceads along subgurface path2 paralle]l to the surface.
The corropion products occupy a larger volume than the alloy itself, and
therefore delaminate layerz of uncerroded metal.

2.5.8 Daalloying, or Parting Corrodion. In certain alloys, a corrcdiva

medium may selectively disgclve ona or more alleying elements without
disdolving the whole alloy. A familiar exampla iz dezineification of
brazz. Cagh iron is guzcaptible to a form of dealloying corrcdion whereby
the corrpdive medium leaches away the metallic portion ¢f the cast iron
gtructure, leaving behind a porous mads of carban.

2.%.10 Froetting Corrogion. Thi# ccours when twe surfaces, at lsasi onae
of which i2 metal, are in contact with relative movement between tham, in
the presence of a corrogiva medium. The result iz pitting. or
gtress-corrodion inducad cracks, One mechaniam involved in fretting
corrofdion may Be wearing away of protective filme, Jeading to the damage
degerited above.
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2.5.11 Corrosion Fatigus, Thir iz a prematurs fallure ocaused by
repéatad strexa cycling in a corpogive environment.

Ordinary fatigus ix characterized by lopgs in strangth of a test
specimen ap & result of atrees cycling a given number of times. The
fatigue characteristicz of a given material can be expremsed in graphical
formn by plotting strength remaining ad a function of the number of teszt
oycles. {(dee Figurs 10). When a corrcaive agent ig predant, the
rexaining atrength after & given numbar of cycleg wiil be less than the
corresponding strengih when no corromive AJARLE ST# pPredent.

5

T

R

g FATIGDE WITHOUT CORROSION

s ..

EHTHIRANCE
LINTT
ATIGUE WITH CORBROSION
-
HUMBER OF CYCLES
Fig. 10. CORRGSIDN-FATIGLE

2.5%.12 ingesant, or Ercsion, {orrosian, Thix accurs when a

gorrogive fluid stream impingas on 3 metal surface, »gaulting in localized
erodlon. Thir type of corrogion ig encountarsd mainly in fluld gyptems
duch aa heat sxchangers.
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CHAPTER 3
BREAKING THE CORRDSION CYCLE

3.1 The Thecratical Viaew, Corroaion of meatals (other than high
temperature oxidation) involvez four bagic alemesnt2: anode, cathoda,
aleptrolyte, conduction path. The alectirochemicel potential diiferance
nacgdgary to create an anode and cathode may be dus to disgimilar metalsz,
multiple phases within an aliey’s microgtructure, aurface defactzg or
contaminant®, or degign details zuch ag crevices., Xnowingd the fundamental
cauges and formd ¢f corrodion, one can wove on to tha gtudy of methods of
breaking the corroaion cyecle.

Looking at cerrogion from tha thacretical viewpoint, one can interrupt
the corrcpicn proceaz at one or mera of the four bagic slemeanta, az
folliowd,

3.1.1 The Ancda. Cne can inhibit tha cwvarall corro2ion reaction by
interfering with the anodie reaction

M--—> M* 4+ n alectrons.

Thig can ba accompligzhed by coatiang the anode with a phyaical barrier
{i.e., gold plating on electrical contact2}, or by uging a corrosion
inhibitor which attaches itgalf to anodic mites in a matal/electrolyta
interfacs,

3.1.2 Tha Cathoda. Excepting bigh teoperatura oxidatilon, corrofion
cannot ceour without cathedie reactione. One can interfere with cathodic
reactiong with one cr mora of thema approached.

Eliminate the cathode. This means avolding the presence of metalw or
other materials (i.e., graphite in lubricantg} that are cathodic with
redpact to the metal to be protected. Impurities in wvarious alloy gystems
(i.a., copper, iron, or nickal in magnesium alloye) can form local
cathedeg. When using materiale that are senzitive in this regard, quality
control gbandards must be maintained.

Reducs the cathode/ancde area vatio. I! the cathoda {8 reduced in
araa relative to the anoda, the rate of cathodie reactiona will be
reduced. The overall cerrozion cycle will likewize be diminlghed, bacause
the ratesg of slectron tvrangfer at ancode and cathpde muat be egqual.

Coat the cathode. If a geparate cathode (i.e., the more “noble” metal
in & bimatallic couple) 18 coated, cathodic reactions cannot ogour. Ona
could ugo a phygical barriar, guch ag an organic ceating, or (for bolts,
rivats, ete.)] plating with a petal morea compatible (leag cathodic) with
the structure %o be protected.

In some clozed gygtems invelving a liquid, inhibitora can be uged to
reduce the rate of cathedic reacticng. An example ig inhibitors used in
acid pickling batha, ao that the acid didsolves oxide layerr while the
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basre metal is protected. Buch inhibiters work by inhibiting the hydrogan
discharge reaction at local cathodic sites.

3.1.3 The Electrolyte. An elaectrolyte iz necessmary for virtually all
corvesion of englneering importance. Accordingly, one can reduca
corrogion ¢f metal atructures by aliminating the electrolyte, or rendering
it leg# harmful. The enginesr can deaignh an article or system zdc as %o
eliminate “sump’ argas whars moirturs could accumulate, or provide drain
holes st the lewest points2 of Buch areas.

3.1.4 The Conduction Fath. In any electric battery, the metal "fual’
doa# not "burn” {corrods)l when nc current fg drawnm. Or, if it doag, it
doe® 2o very glowly. The reasen? Whan a radic, flashlight, et catera, ig
ne% turned on, there i8 no slectronic conduction path betwaen tha
battery's anode and cathode. The functioning of any battery im aimply
falvanic corrozion, deliberately induced in a controlled manner t¢ harnazs
tha anargy realeaged when a metal, zuch a# zinec, goez from the purs atate
to a chemical compound.

In denign aituaticns whare digpimilar metals are in proximity in the
pragence of an selectrolyte, one can prevent ar unwanted short-circuited
‘battery” by not baving phyzical contact whichk would provida an electrical
connection between tha ancde and cathode, When joining diszimilar matale,
the jeint phould provide for adeguata transmigeion of machanical forces
but net electrong. The designer can achieve thiz by apecifying insulating
dleovas, washare, garkets, and go forth, to break the slectrical shord
circuit that would otherwige exiat.

3.1.5 Alternate dpproachaez. There are approaches to reducing correaion
that ara not covered by the above categories. Zinc coatinge on stesl, or
pacrificial anodea to protect gteel etryctured underground (or underwater)
are examples of uging the forceg of electrochemistry to work in one’s
favor. A& wvarlation of thiz appreach iz rendering a structure artificially
cathodic by impredaing an alsecirical potential between 1t an an inext
anode, uging an external power gcurce. In fach, matala that “paszivate’
{form protective oxide layeral can be protected in some alecirelytes by
randaring them artificially Anodic!

3.2 Deajgn Engineer's View. Real-world corrogion gituations do not
involva a phygically separate anode and ¢atheda, except {or thoae
involving disaimilar matalz2., Accordingly, appreoacheg to fighting
corrogion from the enginear's viewpoint (ag opposed to the theorstical
viewpoint] should ajso be examined., Theze approacheg are az follows:

Select the right matarial for the job.
Apply protective ccatings.

Uzp proper dedign techniquas.

Modify the environmant.

e O B -
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3.2.1 Material Selection, Tha firat approach meanz avolding, If
poegible, materiala that are unsuitable for the operating environment. An
gxample i# aluminum alloys for aircrait. At one time, aircraft aengineers
uded alloys such as TOTS-T6 oxtensgively, because of thelr supariocr
gtrength. Eowever, T075-T8 iz very wvulnerable ito corresion, comparsd to
the dams alloy with a modified heat treatment, i.e., TO75-TT3.

Whan uging multiple materiale, the enginesr musi congiday
compatibility. Combinationz of materials which are vulnarable to
detericratien of one of the materiald shouid ba aveided if one can uas
acceptable alternative combinations. Ad an example of compatibility, many
aluminum alley2 are acceptable in typical atmosphere=. Copper alloya,
duch asg bronre or braam, aleoc resldt atmowpheric corro#ion. However, the
copbination of aluminum in contact with copper (or itz alloys) is
vulnerable to corrodion of the aluminum, because of galvanic effectz.

3.2.2 Protective Coatings. Ciogely related to the above approach is
application of protective coatingd to igolate a vulnerabla material from
corroaive agenta. It would be uneconomical to use stalnlags steel fop tha
bodied and frames of factical trucke. Hence plain carben or low-alloy
etenlyg, adequately protected with zinc and organic cocatings, are the best
rematning choeice right now. Aluminum alloyz, plagtics2, and composites
deserve condideraticn for new dezigna. (See Chaptar § for aluminum deaign
congiderations.)

3.2.3 Degign Technigue=. Students of corresicn and degign engineers
would agrae that gatting rid of slectrolytes iz one way to interrupt the
corrcgicon procesgs. Many of the dazign principles recommended in SAE
literature and astigled are baged on the fact that, Iif no electrolyte is
pregent, there will be no corrodion. Eljiminating sump areas or previding
drain holeg can reduce corrosion problems, though it im difficult to
aliminate moigture completely.®

Gther agpecte of propar design include avoiding cravicea when
poegible, and aveoiding deaign feztures that make it difficult fon
protective coatinga to function. Crevices not only create corrogion
cellz, but aldo trap liquid coerremives, Sharp cornerda are difficult to
coat evenly, and arae theareforse more vulnerable to corregion than amooth,
avenly coated Burfacas.

Exampled of proper design will be digcusged further in subsequent
parts of thiz report.

3.2.4 Medification of the Environment iz not powsible for parts of
military vehicles and other aquipment exposed to the elementz. It is
poggible, however, to modify tha envirgnment in engine cooling.
iubrication, and fuel eyetame. Good antifreezes contain corrogion

# A= far ag the motor vehicle degign enginesar iz concarned,
“electrolyte” and "moisture’ can be considered zynonymous.
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inhibitors, and lubricantg can alde be properly formulated for a given
application. Fuels can be a problem, because of moisture, guifur, and
mierpordenisne. Additivesx are ona way to address fue]l system problems.
Hydraulic and compressed air sygtems can suffer internal corrogzion
problemd. Proper brake fluid apecification {(i.e., 2ilicone fluids} im
another example of corro#ion prevention by modifving the environment.

2.3 Epecific Dwsign Approaches: Taileoring the Solutien to Fit the
Problsm, If a degign engineer knows what form of cérrosion to expect
with a given qomponent, corrective meazures can then be tailored to the
prebiem. For exampls, pitting, intargranular corrogion, and
dtrada-gerregion gracking (8CC) are known to be problams with stainlese
dteels. Exicliation and SCC are known to occur with aluminum alloys.
) Methods of dealing with apecific forme of corrogion ars outlined
olow.

3.3.1 Pitting.  This i# normally a problem with "pasgive” alloys (i.se.,
dtainlaeas ataals) in chloride-containing media. The dezigner can reduce
pitting via thase approached:

o Suitable #lloying. Stainlessz etes]ls modified with additionz of
molybdenum are less guscaptible to pitting than non-molybdenum-
bearing #tainleds staals. Thiz ig why type 318 stainless stesl
(18X ehromium. 10% nickel, 2% molybdenum) ix more resigtant to
pitting than type 304 (also 15% Chromium, 10X nickel, but ne
molybdenum. ) :

o Protective Coatinf. A duitable ccating will izolate metal
gurfaceg from pitting agentz.

o Modificabion of the operating envirconment. In cloged systams,
inhibitors can reduce pitting by maintaining the padgivity of a
motal surface. Ancther modification that may be possible in clozed
gyetem® is reducing the concentration of substanced that promote
pitting, i.a., the chloride ion.

3.3.2 Crevice and Poultice Corroglon. Creviceg should be aveoided when
posgible. Weldad joint2 are preferable to bolted or riveted jointz, and
tutt-type welds are preferable to overlapping welds if the latter are not
neceggary for dtructural 2trength. When creviced are unavoidable, metal
gurfaceg in or near a crevice should be protected by corganic coatings and
guttable vaulking compounds. Rudtprecfing compounds, with their ability
to penetrate into crevices, are halpful. 5o are slectrophoretic [E-Coat)
primera, which can gel intoc craviceg better than conventiional organic
coatinga.

Cravicas can be ¢reated in walde with incomplete peneiration [maoe
Figure 11). Alsmo, intermittent weldm (#ee Figurs 12} may congerve weld
matal, but they alac create gites for erevica atiack, The design snginear
ghould #peciiy continuous wald Zeame =g ag to eliminate such gitesn.

Whan uging bolta tc fadten a bracket to a frame, the brackat and frame
ghould each be claanad, and zubjected to the gpecified orfanic finighing
gchems, prior to aggembly. This way, unfinished (and unprotected!) mpetal
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will net be in a hard-to-reach crevice. In addition to the orgdaniec
finishing schemq, the degigner should alsgo use a mealing compound batween
the #urfaces being joined for additional protection,

CREVICE

Fla. l1. CREVICES IH WELDS WITH INCOMPLETE PENETRATION

Fig. 1&. CREVICE POSEIBILITY WITH INTERMLITTENT WELDS

If a body opr gtructure id to be welded, it i2 not pomaible to paint
beforea asgembly. Each pleca ahould be cleaned in the area of the wald,
and tha dezigner should specify a continuous wald all around. After all
welding 12 completed but bafore anything elsge is bolted on, the aszenmbly
should then be cleaaned and painted.

Poultice corrczion can g¢tur whan abzorbent materialz that atiract
moigturd ara in contagt with metals. Materials that pay causs poultice
corregion include but are not naceszarily limjted to the fellewing:

Wood

Cardboard
Gpen-call foams
Sponga rubbar

o9 Do
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The scluticen is to avoid placing materiale euch as thede in contact
with metals. Alternatively, one can employ protective coatings on the
metal, and also gpeciiy suitable treatmentas for the offending non-matallic
material.

Some varietier of wood are known o exude corrosive acids. The
engineor ghould avoid placing them in contact, or aven {ia enclozed sreag!
in cloge proximity with metals, unless the matal iz adaquataely protected
and the wood properly traated,.

fAveld, 1f at all poseible, racedded areas Lthat may collect dirt, mud,
or debria. These depogits attract and retain moisture, causing poultice
corrcdion, particularly in palt-laden atmospheren.

3.3.3 Galvanic Corpogion. When dissimilar metals duch as aluminum and
dteal are placed ip contact withk ona anothar and Bubjected to an
electrolyte, the potential differance may not be all that great--perhaps
tenthe of a volt. However, thir unintentionally created "battery™ i=2
#ubject to a virtually perfact short cirecuit. Only the rediptance of the
#lectrolyte, or polarization effeets limit current flow. Under thess
conditions, corrcsion of metalz such as aluminum or magnesium cah be
greatly acceleratad. In dignimilar metal corrosion situationa, the anode
and cathode are distinct entities. The corrozion process can, tharefors,
bs retarded by:

coating the ancde

coatind or. otherwige reducing the affeat of, the cathoda
interrupting the electrical connection between ancde and cathode
aliminating the elactrolyts

O D a o

While the antde iz the metal] that corrodez, it should not be coated
without coating the cathode am well. The engineer must be aware cof the
catchmant area prineiple, whereby tha ancde current intensity {current,
hence metal removal rate, per unit araa) iz inverzely proportional to the
anode/cathode area ratic.# 1f the anoda i# coated and subssquently placed
in contact with an uncoated cathode, any discontinuity (holiday) in the
coating will reault in a larga rathode/smail anode situation., Intense
cerrogion of the ancdic metal will occur at the digcontinuity. If the
cathode if coated whila the anode id not, any digcontinuity in the coating
will result in a Emall cathode connected tc a large anods. The ensulng
increage in anode cerrogion will be small, and furthermora will ba
digtributed over a ralatively large ancde rather than concentrated in &
gmall area.

Whern rivets are uged to join secticns of a given metal, thay should be
cathodic to the matal. Likewige, if gection® of a given matal ara to be
wolded by procesdda? reguiring filler metal, the enginaer sdbould select a

* Thig principle assumer that corrpgion rate is limited by iha kinetice
of oxyden reduction at the cathoeda.
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filler that is somewhat (but not excessively) cathodic to the metal being
woldad. Utilization of cathodic rivats or cathedic wald filler metal
refuce? galvanic corrogion by minimizing cathode/anvde area ratic.

Threaded connacticna between disgimilar metals ara lnhadvigable due to
the poagibility of rapid corrosion of the anodic metal batween the
thraade. Brazing 12 the preferred tachnigue for joining tubing made from
dizsimilar wetels. The brazing alloy sghould be cathodic to at least one
o! the metala.

Wher diggimilar matals are agdembled with faptaenerg, a short-circulted
electrochemical 2ell will not cocur if one uses non-conducting fastansr
arrangement®. Ingulating washers, insulating bushings, and insulating
gealing material betwean faying surfaces wil] accompliah this goal (zee
Figure 13}. Tapes made from non-abgorbent material will protact faying
aurfacez from corregicn, All surfaces should be coated before assembly to
avoid expoeing bare metal to galvanic and crevice effeats. When uging
gealing tape#, the tape 2hould axtand an inch or two lor, a few
centimeterg) beyond the faying surfaces zo ag to lengthen the electrolyte
path in atmespheric coprrofion mituationa.

INSULATING WASHER

IRSULATINHC BUSHIHG—\

SEALING MATERIAL
QR TAFE

LHSUEATING WASHER

CLEAN/PRIMESCOAT ALL
SUKFACES BEFORE ASSEMELY

Fig. 13. PROFER DESICN OF & DISSIMILAR
HETAL JUTHT

Galvanic corrogzion can be a problem even whan #imilar metals are
joined, becaupgs of electrockemical potential differencee between the metal
objecte joinad and the fastensar. In atmospheric corrosion gituationz, the
catchment area principle i8 net applicable becauge thare iz net encugh
electrelyte to "gpread out”™ the cathodic effects of a fasfener over a
large anodic Eurface area. Aceoordingly, when jeining metals such as:
aluminum or magnegium, the degigner must uge fastenera that are
galvanieally compatible with the parts being fastened. Cadaium-plated
boltg, nuts and rivety are helpful in reducing aluminum coprogion. With
magnegium, the pnly fastenerz permissible are thode wade from certain
aluminum alloys.

Oalvanic Serieg and Metal Compatibility Considerations., The dewign
engineer muet conaider not only the auitabllity of A& given metal {n thae
anticipated service environment, but also compatibility of metmls with
sach othap, Galvani¢ ¢orrodion can be minimized by selecting dissimilar
metald whoee electrochemical potentials are close to one ancther, thue
minimizing the ‘driving force’ behind corrodion peactions.

When gelecting matalg and allovz for service in contact with one
another, tables listing #tandard electromeotive potentiald ahpuld be umed
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with caution, because gtandard potentialg do rot represent the real

world. Alde, standard potentlalz ere defined only for pure metalz. A
mor4 realistic criterion is based on measurement of the alectrical"
potential of a given metal in contact with an actual operating environment
guch as sea water.* The potentiala of varicus metals and alloys
deternined {n this manner conatitute the bawis for galvanic goriesg charts,
in which metals and alloys are listed in order of their measdured
aleetrical potentials in a specifisd anvironment, A galvanic seriss Based
on an HaCl mclution would be moet relevant to the dezign enginésr, becaude
common walt (NaCl} 18 a fregquantly encountered corrodent,

For military vehicles, a galvanic series based on #ea watar (zee Table
2) i8 a reasdonable criterion for matarial selection. Military vehicles
duch as main battle tanke have to withatand water (ingluding sea water) ae
part of thair asgigned migeions.

If two matal® or alloys are widely meparated on a galvanic serlea
chart baped on a given electrolyte, one can assume that the ancdic
paterial will hava an increased tendency t¢ corrode when the givan metals
are coupled in tha presence of that electrolyte, vig-a-vis metals or
alloye not aa widaly separated on 2aid chart.

Finally, galvanic corpogion can be minimized by eliiminating the
alectrolyte. This meane following the same principlez of “dezigning out’
corrogion-encouraging meisture iraps that apply te 2ingle metal deaign.

3.%3.4 Stregz Corropsion Cracking {5.£.C.), occurs whan a wulnerable
matarial ip sfubjected to certain corpesive media while under applied or
residual tensile ztrazs.

Among aluminum allov®, pome combinations of alloy compodition and
temper (metallurgical conditfion achieved through thermal and mechanical
treatmontz] are Augceptible to 5.C.C. in agueous media and in the presence
cf zome non-aquaecug substances. Copper alleoys are subject to "Eeazon
cracking® caused by the prasence of ammenia in the operating envircnment.
Stainlezs gteelx are prone to 5.C.C. in solution2 containing certain lone,
me#t notably the chlorida ion.

Avciding or eliminating S.C.C. eggentially beila down to changing one
for more) of three espentlal alemants: material, media, and tenzmile
strega. Spacific design practiced include the fellowing:

¢ Selact the right material. For axample, varicusg high-girength
aluminum alloy-teaper combiraticns are known Lo ba gusceptible to
8CC. Aluminum #tructures should therefore not utiliza such
gombinationg, partiecularly when regidual tensile dtressed are
created during welding.

o Uze ztregs-ralieving heat treatmant toc eliminate rasidual tenzile

* A atandardized electrode. such a2 the saturated calomal half-cell,
provide# the required reference potential.
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atreas.# Another approach along theae linea 1z to use shot
peeningd or surface rolling to induce residual comprespive siresaas
at the surface of & part.

¢ Spaciiy a suitable coating or cladding., However, electroplating
high-atrength gteele rcan introduce hydrogen into the base metal and
thusd cause embrittlement. Therefore, use coating processdes that do
net introduce hydrogen, when tresting high-gitrength ataals,

¢ &vold configurations that may result in thermal gradient induced
tensile gtresEes.

o Dazign parte and systems oo as to avoid gbress raiders; alzo, avold
crevicez where 85.C.C.-promoting ions could concentrata.

¢ Medify the environment, if poagible. In closed aystems, one can
add & #uitable inkibitor, adjust the Ph, or eliminate 5.0.C.-
cauding eubetancer. ’

Metzllic materials are not the only materiala Aundceptible to
atrega-corregion oracking. Polycarbonated (i.e., "Lexan K ') are
dudcaptible to #tredgs-cracking in the presence of sxygenated/chlorinated
degreasing scolvents#. Hubber suffers oracking due to ogene, The golutioen
to these problems ie to to uge anticzonants in rubber, and (as with metals
and alloyad) avoid expozing susceptible materjisls to combinations of
tensile strasy and wpecific chemicals known to caume cracking.

3.3.5 Intargranular Careogion iprafarantial corrodive attack along grain

boundariea)l. This occurs in alloyz that form precipltates at grain
boundarie® during delibstate or unintanded thermal or mechanical
treatmenta, Stainlezy pteels and scome aluminum alleys ara meat likely to
dguifer this form of corrogion. Pracipltation-hardenable aluminum alloys
baged on the Al-Cu, Al-Mg (Mg contant > 3% by weight) and Al-Zn-Mg eyptems
can becoms prons Lo intergranular corrosion az a redult of precipitates
whose electrochemical potentials differ significaptly from the potentials
of nearby graing. The precipitatas and grain boundarieg2 form galvanic
cells when subject to an electrolyta. A= a reeult, aither the pracipitate
particleg corrode., or they act ag cathodes and atimulate attack on
adjacant grain boundaries.

Austenitic #tainless ateals are prone to inteapgranular corrodion when
gubjected 4o improper heat treaatmentz. When thaese zlloys are heated to
tamperatures lying within tha panzitization range for the right length of
time {(#ee Figure 14), carbide pracipitates form at the grain boundaries.
Thede carbides are chromium-prich. The required chromium comed from the

* Be awars, howewver, that such heat treatment may spoil the tenmpar
or leave certain alleoys (i.e., gtainlese Aateals} esueceptibla to
intergdranylar corresion.

-
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boundaries of adjacent graina; consequently the graln boundaries arse

deficient in ochromium. Thi® condition renders atainless gieels
dudcaptiblie to corrosive attack along these boundarjes.

Such

gangitization can occur during welding. Narrow zoned of metal on each

gide of a4 weld may be gubjected t¢ the right temparature range,

right length of time, to causde carbide precipitation.
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Fig. 14. BSENSITIZATION OF STAINLESS STEELS TO
INTERGRANULAR CORROSION BY TEMPERATURE-
TIME EXPOSURE.
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11 intsrgranular corrcslen ie a problem, tha degign anginear can use
thege approaches:

o Speclify #tainless eteel (5.5.) with low carben content.
Low-carbon
medifications of gtainless steelz #uch ag AISI 318 (the low-carbon
grede ig known am type 316L) are available for applications
involving welding.

o Specity 5.5. alloys which include columbium (alse known asg
niokivm}, titanium, or tantalum in small smountsd. Thegde elements
copbing with carben in preference to chromium, thuz preventing
depletion of chromium from grain boundarias.

o Speaify proper heat treatment before subjecting the part or
aggembly to tha anticipated service environment. For example,
heat treatment after welding is coften necegsary for atainlaas
steela, to reverze grain boundary carbide precipitation caused by
welding, Thi2 mean2 heating to a temperature high encugh to
digdelve carbide precipitatar. Subgequent gquenching ghould be
rapid anough to avoid gubjecting the aurfaca 10 itemperaturesg in
tha zaneitization range for periods of time zufficient to induce
carbide precipitation. Tho temperature va time curve of the
guench operation should mige the "nose” of tha time w2 temperature
curve repregenting carbide precipitation feor the type of gheel
involved, (Refer to Figure 14#)

"Enife lipe" attack of stabilized 5.5 waldments can be preventad by
heating the ztructura, after welding, to a temperature such az to cause
celumbium (or titanium) carbide to precipitate in preference tc chromium
carbide.

3.3.8 Exfeoliation Corvogion., When uging aluminum alloyz in componente
or gtructurea, exfoliation can be minimized hy:

¢ Utilizing alloy/temper combinatione that do not zuffer thie
form of corrcdaion.

o Applying protective coatingd, eepecially to faying surfaces and
surfaces in contact with fastenare.

0 Avoiding exposure of the shert trangverze direction te tha
environment, {g2ee Chapter 9, par. 9.1.3}.

3.3.7 Dealloying (parting) corrgdion, Thig i2 a problem mainly with

gray cazt iron or cartain voppsr alloyg. If it becomes a problem, the
dezign enginear can:

o Specify copper alloysa whoge zinc conbent i3 no greater than 15%.

5 Shriar, L.L., FRD., Corrasion, Wol. 1, page 3:46., Wewnez-
Butterworth, Londen, 1976,
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3.3.8

Specify bragoes inhibitad with tin, antimony or arsenig. The
latter iz frequantly ugsed as an alloying addition to Cu ajileys for
inhibiting correBion.

fvoid aread whare stagnant golutiong come inte contact with
gugceptible Cu alloya, whan degigning closed systeans. Such
conditions, accompanied by gurface depoaits, encourags
dezincification. Copper or bragg radiators in automobilez and
truckg canh guffer external dezincification, due tc exposure to
road deileing salis. Arsenical cartridge brags, used in place of
regular brassg, solved thig problem in northeaztern Canada.¥
Speciiy nodular, malleable, or white caat ircn instead of grey
iron, to avoid graphitization corrcaion,

Fretting corroeion bebtween movingd partg in contact with sach othaer

can be minimized by the following maaauras:

o
o

3.3.9

Increaze surface hardneag by shot-peening or cold working.

Hde a gacrificial soft durface in contact with a hard aurface.
Example: +Lin-, lead-, or #2ilver-coated metal in contact with
dtenl,

Eliminate relative movement by roughening surfacaes, or increase
the load normal tc the surfacesz. Be awara, howaver, that if the
load ig not increaded zufficiently, fretiing corroeion can
actually increage.

Epecify proper lubricants and surface treatmente, i.e2., pheaphate
coatings and a low-vigcogity, high-teanacity oil or gresse,

when tranzporting wheeled vehicles, such as by railrgad, ome ean
prevant corrogion of wheel bearings by gecuring all axles. The
idea iz to prevent the #light back-and-forth movementa that cause
fretting.

Corrosion Fatigue. If premature fatigue failures in a given part

occur dus to corrosive conditiond acting in concert with repeated
etredgyd, corrective measured include:

&
o

L]

Eliminating atresa raidere (or reducing their effectsz),

Craating residual compresdive ¥iressed by shet peening or othar
moang.

Specifying protactive coatings.

3.3.10 Erpdion Corrogion. This occours mainly with marine gystem2 cr in
fluid handling sygtems guch a? heat sxchangerz. BSome military vahiclesg,

Park KEwang., Dezincification Corrcsion and ite Preventien fop

Copper/Brags Rzdiatord. (SAE Faper ¥331829, From Proceadin; Prnceadlng: of tha
2nd Automotive Corrodicn Froventicn Conference, SAE Publication
P-130,
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siuch as the Light Armored Yehicle famlly, are expacted to oparate in water
and apre sven provided with prepellers for that purpose. Tha dasignar
shouid therefors take & few precaution againat arogion-corrosion am
followa:

o When uring gopper-nicksl alleyd, the alloy must have about 0.5X
iron t0o Pedist arc@#lon corrogionn

o Propellerd for watercraft must be designed 20 that the eritical
veliocity for cavitation (a form of ercgive attack! jg not
axceeded for the material used. Either limit the propallar
dispseter, or the RPM.

o Wind, i.e., helicopter tail rotor glipatream, can arcde
protective coating. Congider hard chreme plata, or redesign the
tail aggembiy to avoid direct impingement of alipetream.

L] La Que, F.L., Harine Corrogion, John Wilay and Sone, Naw York, 1973
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Chapter IV
"Deaigning Qut® Corromion in Tactical and
Combat Vehicles

1.1 Bagle Principles. Propar degign of a vehicle body or giructiure can
btreak the cycle of corrcaicn in a number of waya. Avoiding dezign
foatures which trap dabrig or moisture will eliminate the suptained
pregence of alactrolytes. OUne can reduce opportunities for gorrocdicn
giteaa to ba activated by sliminating crevicez where poHAible, or
apacifying sealing paterials where crevicee are unavoldabia. Froperly
dized and located drain heles help reduce corrogion by allowing mojeture
te drain away from metal gurfaces in '2ump’ areasd, when such areas cannot
be avoided, Prevention of suszstained electrolyte contadt iz also
accomplighed via design features which prevent mud or other debria from
accunulating on metal surfaces. Deposits of pud or other debris are
undesirabla bacausa they tend to attract or retaln meoisture, cauaing
localized corrogion by getting up differential aeratien cellz. In
dezgigning tactical vehicla boedy structureg, it ip prafarable to avoid
clogad zectione for the fellowing reasons:

1} Moidture almost invariable anterd and promotas
intarnal corrozion.

2} It can ba difficult to apply protactive coatings on
tha intarior purface.

3 Those sections are freaguently poorly wveantilated,
allowing humidity %uildup.

For exapple, doord on commercial vehicleg are vulnerable to corrozion
bocauge watar can enter via the window glot and subssguently becomw
trapped. Water accumulation in a door can causa waterline corromion of
the sheet metal panels. Alac, inadequate air circulation causes humidity
buildup, thusz accelerating indide-out corrogion. A tactical wvehicle's:-
door dezign should aim at providing adequate drainage. The designer
ahould alzo provide accedg for primerd and (if necessary] supplemantary
corrogion-inhibiting agents.

When dasigning body structures, application of protactive coating
ghould ba congidered during the dazign z2tage. Proparly sizad and located
accegd holes allow electrodeposited primers (to ba discuzzed later) to
reach all areaz of metal where corrogion can Btart. Sharp cornera on any
metal part are undesirable because organic ceatinge tend to be thin on
gharp convex (cutpide) cornerg2. ‘Bridging™ of coatinge can cccur on gharp
concave (ineide) corners. BSmooth, rounded contoursa allow coatinga to form
a protectiva film of uniform thickness.

Joints involving Rheat metal zhould be dasignad to minimize trapping
of dirt or moigbure in cravicas forped by overlapping surfacesz. Lap
joints on the underbody of 2 vehicle ghould, if pozzible, be aligned zo asz
to point the lap away from the direction of travel. On vertical sheet
metal gurfacea, lap waelde szhould prafarably be arranged 8¢ aa to point the
lap downward on extarior surfaces to allow drainage of rain and water
thrown by wheals.
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External metal euriaces of tactical and combat vehicle are gubjact to
impact by stones, gravel, and other mizalles generatad by tires ar
tracks. Thees impactz can damage protective coatings, leaving underlying
motal wulnarable to corrozion. Fer thin readon, metal surfaces in tha
path of dabrig thrown by tireg op tracks should, if poazible, ba arranged
g that stonesa, gravel, and similar migailes will strike a glancing,
angled blow rathar than a direct blow. Areas subjact to physical damaga
can be treated with undarcoatings which do not completely harden and hence
are geli-healing’. Another zolution i# %o uae plastic coating materials
#uch ae PYQ {or, flaxible urethanes} to resiat pPtonea damages in vulnerable
aread.

With riveted ¢r boltad jointa2, be careful to prevant moisture from
tecoming trapped batwaen faying surfaces. Pre-applied protective coatings
will protect faying surfacad of joined metal. Taulking (sealing)
coppound® can be appliad to kaep meizture out. With welded lap jointa,
ona can apply gealing compounds after walding to prevent moisture from
geaping inte edgeg at locatigna not already #ealed by weld metal.

If dtructurally permivsible, butt-typa weldg are preferable to lap
welda in that thare ig no overlapping metal to form cravices.

Structural membersz ghould be dezigned to aveid pockets where debrie
might bs trapped or whare meisture could accumulate. An inverted
U=channel will not trap meisture. When using concave-upward gectionz it
i8 good practice te provida holes. Cornerz should be rounded rather than
gharp, as gharp ingide corners can trap debris while Bharp outside edgesw
are difficult Lo protect with coating2. Flanges ahould be degigned g0 awm
te anable moigture to drain off of them.

RBudting of the interior aida of floor pans of MIS1 and MBA0 wvehicles
haa occurred due %o trapped watar. To aveid thiz problem, speciiy drain
pluge to enable maintenanca perscmnnel te drain acoumulated water from
thesds areas. Thig idea ls particularly applicable to open-body wehiclas
guch ag tha M15l. Clozed-body vehicles ghould be constructed Zo as to
exclude water fromw the interior ad much ag pozaible.

The following 2octiong will elaborate on varicus aspectd of cerrosicon
engineering in tactical and combat vahicle degign.

4.2 Welding and Joining, Whether the design enginear chooses welding
or joining, care should be taken %o avoid crevice formatien. Conaider
Figure 15, In Fig. 15 {a), the crevice [ormad by the ovarlapping durfaces
collactz liquids and debriz. Figure 15 (b)] shows a fillet weld at the
upward peointing lap, which eliminatey the ¢ravice there. However, the
downward-pointing lap remsing a posgible corrcdicon aita. Fig. 15 (o}
ghews an cverlapping jeint where the faying surfacas ara igolated by
goldering, welding, or caulking all around.

Figure 15 {d] is an ovarlapping joint with a continuouz weld on both
laps. Here. corrogives are igolated from the joint. Thid configuration ia
preferrad from the viewpoint of mechanical strength.

Figura 15 (a} showd a combination of welding plug & protactive
after-coating. This configuration ig, of courge, negessary bacause in
this day and aga, unprotected metal if net in the best interest of the
Aroy.

Figure 15 (f) ghowz a bukt-type welded jeint. If one can get by with
thig from the dtructural gtandpoint, it offers the advantage of no
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Fig. 15. RESIGH CONFTGURATIORS FOR OVERALAFPTHG
SHEET METAL JOINTS (Kaiar to texc)

creviceg, Good weldind workmanzhip le necesgary, for structural strength
and avoidance of crevicez (#ea Figure 11}, Atter welding, provide a
protective coating.

4.3 Integration of Metal Joining and Orgenic Finlghing. Organlc coatings
{to be covered in chapter B} cannot be an afterthought, but must be
intagrated intoc design and manufacturing. When assembling two components
by bolting, they should be painted bafore asgembly. The flow chart in
Figure 1§ {llustrates the proper zequance ol steps for asggembling [for
examplel a bracket to a frame.

When jeining components by walding, different rules apply. Coatings
in a weld zone interfere with the welding procesas, or are destroyed. When
wegldind preccateds metals, the ccocating muet be removed in the weld regicn,
and reapplied afterward. Figure 17 illustrates the flow chart for
aszembly by welding,

* All terrous matals sheould have gome form of protection at all times.

Sheet metal and structural zhaper fhould have a temporary ceating, or
a pre-applised primer, 8o they won't rust while waiting to be u=med,
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Fig. 16. SEQUENCE OF STEPS FOR ASSEMBLY BY BOLTING
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Fig. 18. COMBINED WELDING AND BOLTING
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With welded siructures, 4o not apply the final coating untll after the
welding ia done., Tha rezfon: Some coatlng materiala, {.s., polyursthanes
{CARC) , may not apply too well over an existing, partially degtroyed
coating.

4.4 Combined Welding and Bolting. When a vehicle or trailer agzembly isg
partly welded and partly belted, manufacturing steps should be arranded ac
a® to minimiza disrupticon of protective cocatinge. In Figure 18 (a}, partis
AB, ¢, and D are all painted first, Then, A i# bolted to B, while T i=
bolted to D, Finally, 4B fs welded to C-D., In Figure 168 (b}, parts
AB,C, and D ara firgt pprepared for welding. A is welded to B, whils C iz
welded to DI, Next, A-B and C-D are pratreated, primed, and

finish-peated. Finally, A-B and C-D are assembled by bolting.

The approach illusgtrated in Figura 18 (bl la auparier for the
feliowing readond: In Figurae 18 {a), an organic coating isg applied to
A,B.0, and D only to be partially dextroved when A-B and C-D are weldsd.
Either the coating is removed prior to welding, or it will be destroyed
anyway by welding heat. The coating will then have to be reapplied to tha
woeld region.

In Figure 1B (b)), ordanic uoatings are applied after A-B and C-D ara
welded, but before bolting. Thia has two advantages:

Firdat, organic coatingz are not axposed to welding heat, Second, faying
durfaced are coated before bolting, e uncoated metal is not exposzed to
crevice corrogion.

In Figure 18 {(a}, one could coat the asgembly after A-B i2 welded to
C-D, Howaver, thiz would caura difficulties, because tha organic topooat
may not ba able to penetrate into the crevice formed by bolting A to B,
and € te D, A&lso, if insulating gazketda, washereg, or zealing compounds
ara uzed, they will interfere with organic coating procesges.

In reality. any tactical or combat wehicla iz a hodgepodge of
woldpents, riveating, and bolting., Acvordingly., the principles outlined
above will have to be compromised at timas. Onre of the advantages of
electrophoretically applied primars is penetration into cravices formed by
riveting and gpot-welding. This procegs, egpecially with modern,
high-build cathedic electrocoat materialsz, ia highly recommandad for
tactical vahicle# in today's Army.

4 good compromise betiwean rigid adherence to the above guidelines, and
the realities of practical degign and production, ig ag follaows: Whan
designing a 2ystem f{be it a trailer, truck. or armored vehicle}, brackets
oy fittings to be belted ghould be pre-painted, a2z ghould the main chagsis
or frama. Coatings should be applied to bare metal gurfaces creatad by
the drilling of mounting holez, unlezz such holee are tapped. If
domething hag to be wolded after any coating was applied, the coating in
the weld argea will have to be thoroughly remeved, and just as thoroughly
reapplied after walding, The degign enginesr should try to minimize thisg
through proper ceoerdination of coating and manufacturing.

One rule mugt be regarded as ireonclad: BSupplementary
corrgdion-praventive agents (i.e., rustproofing greases or waxag) ,
caulkings, and gealing compounds, must net be applied pricer to organic
soating.
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If a 2tructure i# to be bonded with adhesivaa, arrange for priming and
topecating aftar bonding.s Some adhesiver cura whan subjected to the
temperatures neceggary for paint deying and curing. If 2o, be wary about
mighandling the agsembly when the adhesive hazn't cured yet.

Adhezivegd have been developed for bonding elegtrodepomition-toated
ateal.#% I{ using such adhedives, the metal gurface® should be E-coated,

then bonded.

4.8 Struptural Member Design. Refer to Figure 18. In (a)l, all elements
of bad design are predent. Water will collect in the channel. The gharp
adgas arae difficult to coat evenly. In (b}, the Pump area still exisgts.
But a drain hole prevents moidture accumulation. In (¢), the concave gide
facez downward, g0 that no sump arsa axigtg.wss

L) L T

ﬁj

Fig, 1%, STHUCTURAL HEMBER CROS5-SECTIOMS
{Kefcr 1o Taxt)

Figure 19 [(d) ig the bHest configuration. Hers, the concave sldes faces
downward, ag in 19 {e¢). In addition, all cornergz and edfes are rounded,
to prevent weak gpots in protective coatings.

" When bonding aluminum panelz in the HMMWV, tbe panels ara
chemivally traated with a converdion ceating before bonding., Eteel
or 2ine would probably be phozphated before bonding.

Kk Glue Bonds Auto Farts, Automotive Mews, June 5, 1887, page 14.

i ¥ote that a dArain hele is shown. Thig iz 2o water will drain if
the traller or other structure is stored or ghipped upaide down.
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Figure 19 (e) 18 aleo scceptable. The angle (theta) allows moisture
to drain.

The confifuration shown in Figura 19 (f) ig acceptable, 1f the design
engineer gpafifies draln holas.®# MNote, alao, that the walds are at the
#idex, rather than at the itcp and bottom. Thia iz to avoid exposing a
weld deam to moisture which might form a continuous film on a horizontal
gurtace, in dpite of drain holesz.

The I-besam configuration ghown in Figure 19 (g} i acceptable, but 1%
{h) i3 not. The latter offera a Hump araa where moldture and dirt can
accumulata. Drilling drain holeg will weaken the web. Accordingly, use
I-beamz with the web in the vertical direction.

The gtructural detall shown in Figure 20 (a) i poor practice. Dirt,
galt, and mojeture can enter wia the opening shown. Once guch debria gets
in, the entrapment area ig difficult to clean. Figure 20 (k] or {¢) iw
more acceptable. Hara, moisture that gets in, can drain out again.» The
inzide guriaced of closed gectiona should be protected by coatings, as
dhould the cutaide surfacee.

=

Fig. 20. REDESICN OF STRUCTURAL DETALL [0 EEIMINATE
EWTRAPHENY OF DEBRIS (2ee [ext)

Frame rail design. Figure 21 i{lluetrates frame raile fop a typical
tactical truck, the M93D. Thase are straight rails, uging a C-gection, asg
in Figure 18 (e).

Figura 22 szhows tha frama railz used in the High Mobility Multipurpose
Wheeled Vehicle. These rails are closed, ag in Figure 19 {f). Thiz iz
net good practice from a correogion standpoint, becauss any meigture that
gats in, cannot sasily get out. Thers are ne drain holes, The probable

» Locate drain boles in the lowezt part of the beam, to aveid
formation o! sump aread. BHeware, alzo, of Bhipment or storage
in an unugual poditicon, i.e., upside-down or 2idewayas.
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reaaon for thia i2 that the beam iz already siructurally weakened by the
numercud moeunting holaz. The ingide of such a beam should be protected by
coatings.

In Figureg 21 and 22, there indeed are numercu# holes for attaching
crodd-members and other components. Thede helez2 ghould be drilled bafore
applying protective coatings.

Fig. 21. M%39 FRAME RAILS

Fig. 11. HHMWY FRAME RALLS

4,6 Migcellaneous Features to Use or Avoid, Figure 33 illustrates
crogs-gectional forms which may occur in the design of bodiez, frame#, cr
guzpenzion components. The features shown in Figure 23 {a) and {b)
ghould, if pomrdaibla, be ehunned. The sharp corners btrap moigture and
debris. The features shown in Figures 23 () and (d) ars good--the
rounded surfaces are lezg prone %o nuch effects.

Another particular degign feature that degerves disgusalon iz
fagteners in thick 2teel gectiong. When a threaded fastanar iz uzad to
jein zomething to a thick section, use tha configuration shown in Figure
24, A corrozion-preventive gealant ig injected into the hola aftar
drilling and tapping but before fagtening. Excess saalant aszcapes through
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a cantar hole in the faxtanar when the fastener iy tightened.

Figure 25 illustrates how to avoid ¢creating a difticult-to-protect
orevice corrodion ®xite in some f[aatenad configurations.

gorrodenty are difficult to exeluds from the inner Furfacas.

ig epasisr Lo apply gaskets, or sealantz to keep corrodente ocut of the

joint,

Ly LM

a b [ d

Figp. 23. REDEXICN OF STRUCTURAL DETAILS TS ELIMINATE
SHARP EDGES MWD CORKERS

EXCESS SEALANT ESCAPES
VIa CEHTIAAL WOLE IH
FASTENER

FIITIKE QR
ERACEET

//XTHlEk SECTION
.

PRILLUD AN

CORROS 1oa-PREVENTIVE
TAFPED HOLL '

SEALANT

Fig- £4- DESIGA POl CORRDSIUN FREVENTIUK WHEN BUOLTIHG
- A BEACKE®T 10 & THILK SECTIGH

ENTRABMENT GASKET, OR SEALANT
ARES [_ sETHERH FAYTIHG
SURFACES
Eip., a Elg. &

Fig. ¢5%. REDESIGN (F STRUCTURAL DETAIL TO ELIHIHAIE CREVICE

COARGSTDN S5ITE
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{Ia thiw
case, drill and tap the hola in the thick section after applying
protective coatings.)

In {a},
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Figura 28 illupkrates gtructyral dasign of a vertical reinforcing
membar. The left view (25a) iz a clomed-saciion reinforecing member with
the bottom cloead off. Thig configuration traps moisture and iz therefore
undedirable. Figure 20 (b) illusdtratez the same degign, excapt for the
open bottom. Thid allows moisture %o drain amay, and therefors 28 (b) i=
more dedirable than 25 (a}. Figure 28 (&), an H- or I- beam, i3 alag
accaptable. Uge a continuouz weld to avoild crevices.

1
!

i

31\-' b \ir
CLUSED QFEN

BOTTOM BOTTOM

- JL

[

Fig. 6. PROGFER DEEICH {b &r ¢} OF REINFORCING BEANM {5ee bext)

.7 Sheat Motal Degign, Figure 27 illuatrates corract and incorrsct
fender degignd. (A) allows moidture %o drain away from the sheet matal.
{B) ig less preferable, because the shelf may hold moisture and debris.
Tha deaigner should aveid the configurationd ghewn in 27 (e} and (d),
bacause ¢f the pronounced sump areas.

\ =

Flg. 27. SHEET HMETAL BESIGH--CORRECT(a & b]
[MCURRECT (¢ & d)
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Figure 28 1llustrater the principle of designing lap welds wo as to
point tha axposed {exterior} lap away from the direction of trawval if
horizontal, or downward if vertical. The ides hare i3 to preavent moisturs

from being driven intc ths crevice formed by overlapping metal, or to
allow moigture to drain away from the weld.

|=-—.—\-‘-"‘_'::—“

FREFERRED
- DIRECTIDN OF

TAAVEL

EXTERIDR
e
e AYDLD
DERECTION UF
TRAYEL
EXTERIDR
F1PE

Fig. 28. BIRECTION OF LAPS IN SHEET METAL JOINTG

Figure 29 1llustrates principles to follow reagarding seslants batwean
rivated gheet metal surfaces. In Figure 29 (a), there ia mufficiant

#ealing compound to exclude meigture from the crevice, In Figd. 28 (b},
Lhere is a ahaliow crevice becauge of insufficient zealant. In Figure 20
{g), the jeint iz an unmitigated cravice corrcdion Zite.

] [ - h_J
e —_—
FREFERRED LESS DESIWABLE
A 3
i
L“-t:;--——h:::z
AVnin
c

Fig. 9. CORRECT AMD INCORRECY USF OF SEALANTS IN

UMLRLAFPTHG JUINTS
Sealants should be applied after phosphating, priming, painting and,

if pogsible, before riveting. If using an electropheretic primer, it Can
be applied after riveting. In that cage, the manufacturing sequence may
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be ag follows: pretreat, rivet, electroprima, topcoat, and then uge a
saalant. guitable for injection into ihe edges of the resultant overlapping
joint. MHowdver, it i2 #till preferable to praccat sheet metal parts
before riveting or other mechanical fagtening.

In Figure 30 in the left view, the aedge of a fander ig arranged oo as
to shiald the adge ¢f a 2heet metal joint frem tire-thrown spray. In tha
right view, water can ba thrown into the edge ¢of a sheet metal joint.

Figure 31 1llustrates how to join aluminum bedy panelz to a zteel
frame. HNote that in tha preferred arrangemant, a ssaler isolatem the
diggimilar metals, and that a gteel rivet is umad to minimize the
cathode/anode area ratic. The right zide illudtrate=x the wrong
configuration--an aluminum rivet and no sealer between the aluminum and
gtaal suriaces,

Figure 32 1llugtrates “"cpen” and “cleozed” design configurationz. 1In
the cloded de#ign, inzide-put corrodicon ig likely due ito antrapped
meigture and humlidity buildup.

Tha HMMWY doorz are based on the "open” configuratien. The door latch
and window mechaniamg are expoded on ike ingide, for eaay maintenance.

Doe of a gingle aheet metal panel, ingtead of inner and cuter panels,
elimipates a notoriocug crevice corroaion site at the inside boittom whare
the inner and outer panele meet, There¢ is no sump area, #o water cannot be
trapped,

Clozed gtructuyral configurations. A variaty of U.8. tactical
vahiecleg, ineluding tha M330 family., the 10-ton HEMMT, and the Commercial
Utility Carge Vehicle (CUCVY, use closed atructural configurationa for
their doors. Figure 33 illusirates the SAE pecommended practice f{or door
degign for commercial vehicles. The degsigner should provide drain holes,
adequately sized., along the bottom 8o as to prevent meoisture from
accupulating in the door ageembly. Inner surfapes ghould zlope toward
drain holes. The door agsembly should ba given 3 good protactive coating

MREFERRER AVOID

WELD OR I
CADLY

SLNAR

Flap. 310, TDESIGM &F SHEET HETAL JMOINTS THPAOSED To
TIRE-THROWN SERAY
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treatmant ineide and gut. Modern cathodic E-coat primers are bighly
recommended. If the dezign enginaer iz not at liberty to specify
electropharatic priming, 2upplemental corrodion protection may be had in
the form of "rustproofing’ greasss or waxas. These substances penetrate
inte seams and ecrevices, excluding moiatura.

Ancothar common copropion site in commercial vehicles id front fenders
and the raar quarter panel azsambly. Inner and ocuter sheet metal panalsz
shguld be dedigned for adequate drainage and cecating material access,
DPrain holes should be provided at the lowest peints of all sump aread.
Horizontal geama formed by inner and outer panelg ghould #lope downward
toward the drain openings to allow adeguate drainage. Here teoo,
application of E-coatl primer iz likewige very helpful. BSupplementary
rustproocfing agenis are helpful in thig area, egpecially Lln vehicleg net
originally degigned to resist corrogion.

Mud thrown by tire# can form dapemits on sheet metal, resulting in
goultice gorrodion. Accordingly, wheeled vehicleg ghould have aprong eor
gplagh shialda to prevent mud, atonas, debrig, and water from bhaing thrown
inte sensitiva araas. '

Rocker Panels. This iz the atructure under the deor of a vehicla.

The degigner should provide a drain hele arranged g¢o that water and debriz
will not be driven inte it during vehicle cperaticng, yet larde encugh go
it will not become clogged.

Hoodg, rear hatohasz. Like any shest matal gtructure, they are
corrogion-prone if a sump is created by inner and cuter panels joined 2o
ag to create a horizontal geam. They should therefore be designed with
propariy located holes for drainage and access by glectroccat primers.

B8aa Figures 34% and 35. Heodz ghould have drain helez on the lowest point
forward of the radiator, 2o ag not to drip weter on engine components,

Fig. 34 TRUBK LID, ILLUSTEATIHNC
HOLES FDE E-LOAT FRIMER
ACCESS

L] Bryant, Arthur W., Degigning Body Pansls for Corrosion Pravention
SAE paper 780616, in SAE Special Publicatien P-TH.
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Arthur W. Bryant in SAE Paper 780%1%&,
Designing Body Fanels for Corrgsion
Prevention.

Mizcellaneous. Tha dezign features shown in Figures 38a and 38%
ghould be uged with caubion and aveided, regpeactively. In Figure 36a, tha
paption ‘avoid horizemtal ladge’ meang juszt that. Such areaz trap dirt
and dabriz. The coniiguration ahewn in Figure 38b is bast avoided
altogather. [f something like Figure 38b hag to be usad, the gump araa
sheuld be provided with drain holed, and adequately protected with
coatings.
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Stonas, gravel, and other small miagile# are a problem for wehicle
degigners, especially off-road vahiclaz. Figure 3T illudtrates the
principle of minimizing projected frontal area so aZ2 to minimirze
gtone/gravel damage to paint finishaez on shest nmetal.

STHID FARTICLE
IMPACT AREA

)4 I

P — —
ey AVDID PREFERRED

Fig., 37. DESICH TC REDUCE MISSILE TMPACT DAMAGE TO GCOATLHGS

The configuration fhown in Figure 38 ig & possible gite for corrogion
initiation. Any Jjoining of sheet metal where thera are overlapping
{faying) surtfaces i3 a potential erevice corredlon Bite. In addition,
paint coatings may "bridge” the gap between the metal panels, resulting in
a zite with little protection.

POSS18LE S1TE FOR
FAINT BRLDGING

i 1]

Fig. 1B [NLDIRBEST SULET HETAL
JUIRT DESICH

Figure 35 illustrates what to avoid when designing exterior sheet
metal surfacas. Areas A,0,G, and H are susceptible to 3tone pecking.
Areas B,F, and I are sharp edgZez. which can be difficult to protect with
paint coatinge., D ig acceptable, if not toe sharp. Arez E, a gharp
corner f[alde, HY is liable to be “bridged™ by painta.

7L

- — — = GROUND LEVEL — — — —

Fig. 3%. SHEET METAL PRSICH DETAILE TU
AVOLD
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4.6 Corresilon-Freventive Dezign Considerationg for Armored Vehicles.
Armored combat vehiclez, which may be propalled by rubber tires or
tracklaying sysateme, are characterized by armor hulla, and gometimes alao
turretd, The hull gervez two purpoass: 1) protechion irom snemy
balligtic, miagile, and chemical threats and, 2} to enabla the vehicle %o
gwim. The armcr hull of a main battla tank, personnel garvier, or
fighting vahicle system presents thesa challenges to tha corpagion
anginear:

1} The corrogion angineer mudt sea to £t that drain cocks are located
in the lowesat portiong of the hull, do tha cperator can drain
accumulated moidture as part of daily chacksa and marvices,

2) The degigner must locate eguipment 2o it iF clear of the bottom of
the hull.

3) Tha inzide, ad well ag the cutgide, of the hull must have an
adeguate protective coating gyztem. The interier of the vehicle
should be deaignad so that during overhaulsa, all arcas of the
inside surfacesa (of both hull and turreat! are accezszible for
inspection and maintenance of protective coatings.

4} The cloded anvironmant ingide an armorad vehicle becomes a
humidity chambar when water geig in. Egquipment in an armored
vehicle must have adequate atwospheric corresgsjon protection.

9) Both trarklaying and rubber tire-based propulsion ayetems ars
efficient mud aiingarz. The underside cof the hull muzt be
degigned ac it iz as gimple and amooth as possible. Evearything
ghould ba thoreoughly “armored” againat corrogion, Wwith a good
paint scheme. Thia included componant# such af road wheel
#uspendion arm#.% Usge rubber boots to protect component® such as
univergal jointd., and use #sala to keap water and mud out of
gengditiva areas.

Where doldiers use high-presgura watar hoses to clean armorad
vehicle®, such areasg must be deaigned to withstand thiz treatmant,

During war or exercige® in rrepevation for dame, chemical
decontaminating agenta will be udad to clean vehielea and aguipmant,
Theze agents are known to degrade materials used in bootz and s=eals,
Anzwere to this problem do not come easily., The dedigner pust seek, to
the best of hia ability and the axtent of exigting technelogy, to wde
coatings and clzsgtomers resistant to agentd and counter-agentz ysed in
chemical warifare.

4.9 Special Considerations--Fuel and Other Liguid Handling Systems,
Figure 40 illuztrates the right and wrong ways to demign tanks or other
liquid rezeprveirs. Complete drain-ge (which occurs with the sonfiguratien

* Cansider hot-dip galvanizing for Buch items, topped off with & good
paint scheme.
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ghown on the left] ia nacagsary to prevent water ¢r gediment from beccoming
trapped, which may bhe the cage with the configuraticn showm on the right.
Becauste water ld a common fuel contaminant and because water settlag to
the bottom ¢of fuel resgervoira, the canfiguration on the right iz the wrong
way to design a fuel tank.

RESERVOIR DRAIN
TWAFFED WATER

FREFERRED ANDID

Flu. wlk. FUEL TANK DESICH

Figure 41 illustrates how to design liquid pasesger in oloned systems,
i.e., fual, cooling, lubricant, or hydraulic aystems. The configuration
on the right provides a dite for gediment to depogit. Thig could lead to
corrogion problems, 1.a., dazinecification of coppar-zinec alloy f{ittinga.

LIGU I FASSAKES

S

ENTRAPMENT
AREA
PRLFERRED AVQID
Fig. 47, L1QHTE HANMDLEING FILOMW PATH

DESJGH

Impingeamant, or erogisn-corrodion may occur in fluid handling syetems
whera high flow velocity encountars sharp bends. Kesp {low wvelocity down
by apecifying adequate diameters for tubing, and aveld sharp bendda by
gpecifying adeguate radiug for change# in flow direchtion.

Figura 42 illusgtrates proper dedign of a fusl tank to maximize
corrodion protection., In the lefthand view#, the degign configurationz do
not raquira sclderz, which contain fluxez that could be corrogive. The
bottom righthand view illuatrates a dezign mistake--a crevice area, where
dapodits of sediment or entrapped moisture can get up a corregion ecall.

Compressed air systems mudt have drain cock® at the lowegt points of
any gump areaz. Be aware, howavar, that goldiery under gtresza may not
have times to perform all the necagzary maintenance procedureg. Some
componants in compressed air or other fluid handling sydiems are
candidateg for inherently corrodion-regieting materiala, i.a., inhibited
bradgaa, stainless eteels.

49



_—

FREFERRED AYOHD

SOLDER
m =
x‘“@mn SEAL \"‘\
. ‘H“H

-

™~ .

MREFERREL

GASKET A‘I.i'DID
k- f

SOLEER

Fig. 4. FUEL TAHK LESIGH

4.10 Special Conziderations for Elsctrical and Elecironic Rquipment.
Corregion 1A a major caure of failure in alectrical and alactronic
components in milltary weapon gysteme. According te the TUnitad States Air
Force Materials Laboratory Electronic Failure Analysiz OSroup at the Wright
Aaronautical Laboratory, Z0 percent of alectronic component failures are
corroaion related.® Corrozion of avionics ayestams iz of gpecial concern
to the Navy. which operates sircraft in sali-laden atmospheras.

Dagigning electronic meduleg or "black boxes® to reduce corrogion
problama involves Aome of the fame principles one would apply in demigning
othar parts of a combat cor tactical vehicle--or any plece of aguipment.

The fipet step i2 to azzume that unleds a black box ia hermetically
gealad, moistures will invariably get ingide, Once inside, mojizture will
invariably be present on uncoated matal gurfaces, will peal in any sump
area, ig likely to be pregent at any bimetalilic couple, and can propagata
via wire bundlasz, or waveguides.

The dasigner must therefore raduce opportunitiesg for moizture to
corrode alectrical and e#lectirenie components by eliminating fump areas
where poggible, or by providing drain holes. Printed circuit boarda
(FCE'8} should be positionad vertically, naver horizontally, Zo that
meigture will run off the gurface. PCB alectrical connectors ghould be on
a vertical sdge of the board, never on the bottom sdge. Printed circuit
boarda zhould have a glear conformal coating such as paraxylene,

Like any other system, an electronic assembly id vulnerable to
galvanic corrosion whenever digsiwilar metals are in contack. Ude similar
metala {i.e,, a® clode togather in the galvanic m#erie® am posdible) for

L] Dobba, B., G, Slenzki. F.H. Msyer, dr., Investigation of Corrosgion
Related Failurez in Air Force Flectronic Sydtems Failure Analysis
Investigation#. Paper presentad a2t 1383 Tri-8ervice Corrosion
Conferance.
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mating part@ of electrical connectors. Thim i sn important pracaution,
bacausa the purpoge of a connector fd to conduct elactriecity, hanca ane
cannot use electrical insgulation between ancda and cathode.

Tha degignar should not only avoid highly dissimilar metals in
contact,® but aléc avoid graphite contact with gtructural metals. Avoid
graphlte-containing lubricants, and be wary of joining an aluminum housing
t¢ graphita-rainforced compozite ztructuras.

Many corrofion fallurez involving electrical/alactronic module2 are
caused by moisturs intruajon. If total hermetic dealingd id not posgibla,
uge #epalz, G-ringd. and gaskatsd on accesg deers and peanetrations [(i.a.,
cantral ghafte} into the enclesura. Tha Navy recommends “shoe-box type’
lidg on the top of electronic modulag for maintenance accesd. Otherwide,
place accege doors on the aide of a box.

Cable connectors should be on the sdides of a box, rather than on the
top or bottom. The back of a connector, where a wire bundle entera,
ghould be zealad with a guitable sealant such a2 non-acetle allicone RTV
{more on thig topic below}. Ude pelysulfide sealanta arcund tha edges of
derewd on herizontal surfaces to prevent moisture from infiltrating the
aravica.

A problem with closed bhoxes i® accumulation of corrodive wvapors.
Folyvinyl chloride hag been known to dacompose, and the decomposition
products include hydrogen chleride (hydrochloric acid when dissclved in
water]. Accordingly, the degign endineer ahould aveid PYC insulation. Use
non-F¥C inzulated wire meating the requirements of MIL-STD-1568.

Corrcogive vapora aleo arise f{rom gome RTV (room temperature
vuleanizing) =ilirone dealing compounds. The type of RTV compeund to
avoid ia that which contains acetic acid. Avopid vaing any zilicone RTV
compound with a vinegar-like odor,

Oil-containing paints, whether clec-reginoug or alkyd, give off
corrodive vaporg while drying. Avoid uwzing guch paints for the inside
gurfaced of alectronic equipment housings.®s unlezs thoroughly vanted for
at laast two weeks after application of the paint. For alectronicz boxesz
not expogsd teo Jdirect sunlight, epoxy primerz and topooats ara
gatiafactory. Polyurethane [i.e., MIL-C-83786, MIL-C-45168) is a wvery
datisfactory topceat material. For best corrogion pretection, drill all
necedsary hnlad, than pretreat, prime, and topeoat before indtalling
anything in the box.

Specify gaskets made from non-hygroscopic material®, zelected fop
regigtance to heat, ozone, lubricants, hydraulic fluidse, and moigztura.
The material should be of guch a nature that when it doe# degrade, it will
not form corrodive vapors.

" MICOM policy i# to aveid galvanic couplas over 100 mV potential
difference [(Cobb, B.J., New Systems with CPC Flaveor. pregented at
ADPA Corrosion Confarence held on 29-30 April 1086.

(7] Or, for that mattar, any closed container uded for shipment and
gtorage of cgrrolion-prone items.
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While the dezigner ghould take pracautions to prevent moilatura
intruzicn, they are not a substitute for adequate drainage. Elactronie
agquipment houdingx should have drain holes to allow molsture to get out.
drrange internal components Bo ad to aliminate sump areas, Drain holes
ghould be locatsd at the lowest part of the box, and ahould Be large
snough te allow moigture and debriz to drain freely., Incidently, the
inzide edge of the hele should be protected by the same coatings ag other
metal zurfaces of the houging. The drain holes should he part of the
hougind degign. .

Degsicants should ba used with caution. They may worgen corromion
probleme by absorbing moigture at night when temperatureg are low. fAs the
gun riged and the indide of a vehicle heatsa up {(particularly during
operations), the desgicant may then give off moisture and turn an
enclogure into a humidity chember. Complex breathing apparatus ars not
duitable for tanka, personnel carriars, and 2o forth, hut may be suitable
for mebile communicationg porte or missile support trailers.

Someé ltemd of equipment uss conductive or "EMI° {electromagnetic
interfaronca) gagkete on malntenance acced® doors, to pravant the passags
¢f unwanted slsctromagnetic radiation inte or out of an electronic
dyatem. Such garketr contain conductive partigles, to eliminate
non-conductivae gape through which EMI could pass. Thess particlea can
caude galvanic corrogion of aluminum Hoxee. The aclution iz to apply
water displacing corrosion praventive compound, MIL-{-81309 Type III, %o
the gazket before cloding the door.

The #ame type of watar dizplacing compound should be applied to the
pins on the male portion of an alectrical connector, before insertion inte
the docket. If the pina fit snugly into the docket, as they should, the
coating will Ge wiped cff the mating metal surfaces for good
conductivity. The watar displacing compound will, however, deal the
mating surfaces agailnst molature intruaion.

To reduce water infiltration, reapply formed-in-place gagkete, and
replace any detericorated gagkets, when an item iz openred feor malntenance.

Bold plating on electrical contacts and connectors has advantages. It
resgigts atmoapheric corrosion and conductz electricity well. Usze gold
plating with caution: Gold shpuld net be plated directly over copper.
Plate copper with nickel firat, than plate 3he nickel with gold.

Avoid silver-plated copper wira. Silver {8 cathodic to copper, and
thig resultg in a form of galvanic corrogion known ag "red plague”.

Cableg should, i{ poagibla, lead upward towerd a connector plugging
into a medule. Thia pragtice prevents moeisture from draining inte the
connactor, It 18 alsc good practice o provide for drainage at the low
pointg of a cabla, to prevent moisture from wicking inte equipmant, The
degigner should avoid tenzile or aide lcadings on electrical conneators.

In armored wvehicles, "black boxes™, cableg, and connectors should be
located high ancugh above Pump areas to avoid expeaure to =ztanding watar.
This iz impeortant becaude drain cocks mpust be clopad during swimming or
fording operatinong. If water Buildes up in the bilge, one does not want
valuable alectronic equipment te be expoded to it.

An abbreviated gummary of do's and don'ts, takan from NAVMAT P-4855-2
{Degign Guidelinea for Prevention and Contrel of Avienie Cerreaicn), iz
listed here for the convenlence of the reader:
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¢ Dedign on the adgumption that moisture will ba prasent

Seal all digaimilar metal ecouplsas

¢ Use conformal coatings (preferably, paraxylana) on
printed circuit boards.

¢ Uee adequate protective coating 2ysftemsa on aluminum

and magnesium,

Uge a nickel sublayer under gold plating.

UAda Bolder with the lowest pogpibla acid centent.

o Use metalz in low regidual stress condition, and
with high corrcgion vezistance heat treatment.

o Uge {luoroccarbon, or fluorcsilicone materials for
gagkets, O-ringy, and zeals.

o  Seal conductive [EM]) gasket? against moisture
infiltration.

¢ Locate drain heles at the lowest points of zump areas

o  Mount partd and azsembliez so they are clear of
atanding watar levels. :

o Use hermetically saaled components where poasible

¢ Uge f@salants to prevent moisturesfluid intrugion

o Use "sheabox’~type lide, if the top of a black box muzt
be acoeBzible for majintenance purposes.

) Mount printed circuit boards vertically,

=) Maunt PCH edge connectarsg and module connectors
horizontally. The former should be om a wvertical

_ adge or on the back of a PCB.

] If uping forced-air cooling, uge a filter and degdigant
arrangamant to remove moidture and particulates.

o Uze “0° prings to 2eal shafts that penetrate an
enclodure.

o

o oQ

DON'T:

o Ude dissimilar metals in contact, if it can be aveided

o Tge an BTY sealant that employe acetic aecid ags a curing
agent.

o Place graphita (in lubricant®z or in fiber-rainferced
compoaitas) in contact with gtructural metals.

Ll Plate gold direcily over g2ilver or copper

o Plata gilver over copper

o Uga organic materials that zuppert fungi, emit corroaive
vaporeg, absork moizture, or are degraded by fluids
encountered in the ocperating environpent.

o Uze Tubbar susceptible to ozone

0 Locate sdga connectors on the bottom of a printed
gircoult board.

o Uze direct air coeling on electronic components.

o Permit undrained sump araas.

o Use nickal-plated connactors (Do use nickel/chromium, or
cadmium)
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Autcmotive Componenta. Headlampg are vulnerable to moiature antry. The
Scclety of Automotive Engineers recommends uding a mastic-type eealant and
a rubber boot (Ses Figure 43) to prevent mecisture intrueion.

Figure 44 shows bow an elepirical connector can be designed to
minimize infiltration of corromives into the metal-to-metal contact
aread. Bacauge electrical conductivity is the connector's purposae, the
deglgner cannct protect the metal with non-conductive ¢oatings.

RUBSEFR AOOT AT REAA GF SOCKET

L

APPLY MAST|C SEALER

SEALING ON LAMPS TO PREYENT CORROSION

Fig. #31. MNEADLIGHT DESIGH

ELECTRICAL CONNECTOR
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Chapter 5
Protective Coatings--Barica

In tactical and combat vehicle design, the operating envirenment
cannot be changed. Tha vahicle has to be degigned for ity environment,
not vice-verda. Alde, it ig frequently not aconomical to utilize
materjale whode inherent corrosion reslstance ig adequate, ag thede
patertald may be too costly. Corrosion can be reduced by applying food
degign principlag. However, to achiave maximum life and minimum
corrodion-ralatad maintenance costds during the expectad lifatima, the
deglgn enginaer has to know how to specify corrosion-protective coatings
and treatmants,

Coatingd and treatments for metalg can be groupad into three
categories:

1

2]

3

Motsllir, (dee Chapter @) 1.e., one moetal cor alloy applied tc the
surface of anothar matal. Metal coatings can be applied by
slectrolytic depoaiticon (electroplating), igmerszion in a bath of
molten matal, metallic bonding (eladding), shemical deposgition, op
vapor depoaition. Zinc on 3teel {galvanizing} i1g the meat
fmportant exampla of metallic cocatinge for design engineers
dealing with motor vehicle body corrozion, Chremium, nickel,
terne (laad-tin alloy} and cadmium are commonly plated onto Fteel
for protection againet wear or corrogion. Matallic coatings ara
aloc uped for decorabive purpesdes.

Converdion coatings. Processed much ajg ancdizing (electrolytic
oxidation}), chromate treatmentas, and phosphate treatmente fall
into this vategoery. Convergion coatingz are actually controlled
corrogion in %that the metal react® with process chemicalz to form
& layer on the surface. Fhodgphate ccoatings are often applied to
metal Hurfaced Lo improve the adhesion of subgequently applied
organic coatings.

Organic ccatings. This claggification applies to all paints,
lagquers, enamalsz, varpighes, primerz, plus temporary and semi-
permansent corrodion-inhibiting greased, waxes, and oile.
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Chapter 8
Protactive Coatinga--Metallic

8.1 Ganaral

g.1.1 Flegtroplating, Elactroplating of steal with nickel, shromium, or
combined layerd of thess matale iep uaed for decorative purpoges, and for
protection againat wear or coprofion. Nickal and chromium ate not good
choices for protecting structural gtee]l or sheat metalwork, because 1)
Thege metals ara codtly and 2} they do not offer protection at pores and
digscontinuitiez. (Zinc coatings do offer thiz protection.)
Hickel/chromium electroplating offers an attractive finish az wall ae
corrogion protection for automotive bumperz, door handlez, and trim items.

Fastenerg are platad with %in, zipe, or cadmium to reduce thelr owm
corrogion, and %o raduce galvanic corrosion of other metals, notably
aluminum and magnegiue alloye, One problem that ariaes when high-g2trangth
gtee] parts ara alectiroplated ig hydrogan-induged embrittlement. Becauss
of this phancomenon, non-electrclytic means of plating are advantageous.
Such mathodg include “peen” plating, electroplating of aluminum onto
ancther metal uzing nom-agquecus zolutione, and coatingz such asz
Sarmafuard. s

Part2 of electrical and electronic apparatug are often plated with
ginc, tin cadmium, or neoble metal® to reduce corrogion or enhance
golderability. (Wote: Cadmium must ba employed and handled with great
caubion becauss of itg extrome toxicity,)

6.1.2 Ciadding (alsc known ag roll-bondingl. Storage tanks and predaure
vaggals in many caged have to be congbructed with heavy =zteel sdectionz to
provide the necesasry gtrength. Aldfc, when handling varioud chamicalsz,
the gtructural material pay need to regigt corrosion both to maintain
gtrustural integrity and to avoid contaminating the chemicals with
corprodion product, Fabricating a thick-walled wagzal oui of a
corrofion-resigting alley such ag type 316 stainless s2tee]l may be
poBgible, bub such a practice would ba waszteful when corrpgion ragistance
is needed only at the inner zurface.

A corrogicon-rezigting but costly metal or alloy can be clad by
roll-bonding {or explomive bonding! onto a lasy expensive gubgtrate allay,
The latter provided the vegquirad structural strength while {the former
provides the necessary degree of corrosion regigtance in the operating
environment.

Ore avtomotive application of cladding ig aluminum alloy 5082 clad
with AISI type 301 ftainlesg zteel, uszed for the bumpers on fire-fighting
vehiclesd manufactured by American LaFrance. The £.5.-clad aluminum alloy
bumper iz just ag attractive, costs 20X less, and weighz 48X lede than the
5.8, bumper it replaces.

* Trademark of SermaTach International, Inc.
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A common application of cladding i# unalloyed or selected low-alloy
aluminum on high-gtrength aluminum alloyz. High-2trength Al alloys do not
redist corroZion ad wall ad unalleyed aluminum, hence the former are
cifered in sheat, itube, or wire form ag "Alclad", i.e.. clad with a
corroglon-protective aluminum layer.

8.1.3 Hob-dip cpatings. Aluminum and zine ccatingd can be applied %o
gteel gubgtrates by dipping an articla in molten aluminum or zine. Ehest
gteel in coil form iw hot-dip galvanized by running it through molten zinc
on a continuoug productisn line. Aluminum {or Al alloved with
approximately 8 percent ailicon) ccatinge are applied %o steel! to protect
the latter from atmospheric corrodion, attack by alt gpray. and
high-temperature oxtdation that are tha bane of 2tealz uged in exhaust
gydtame. Hot dip aluminizing can protect avtometive fpame membera from
corrosion.

6.1.4 Midcellanecus Methods of Applying Metallic Coatings. It is
posaible te apply metals such as geld, zine, chromium, and aluminum by

cathods gputtering, mechanical plating, vacuum evepcoration, chemical
reduction (i.e., "electroleds’ nickel], lager surface alloying, and metal
spraving. All of thege methods have a plaess ih military weapon systens.

{fongidar tha problem of fastenerg and small componant®. They may not
be amenable to hot dipping becauze of difficultiaz in obtaining unifeorm
coating thickness, partsd gticking together, or interference with threads.
Electroplating can caude hydrogen embrittlement of high-gtrength gteelsz.
Procesges such as mechanical plating, vacuum evaporation, and cathode
gputtaring therefore oifar valuable alternatives te the design enfineer.

Machanical or “peen” plating is a process in which parts to be plated
ara placed in a barrel along with glass beads, a liquid media, and fine
particles of the plating metal (or metals, or alloyl. The glazs beads
pean the particleg against the subatrate, forming a bond. 3Jinc, tin,
cadmium, or gombinations thereof, can be applied to small parta by this
process.

Yacuum evaporation and cathode aputtering are useful for applying thin
layers of a ocecating material, such a8 aluminum or gold, to an item in a
vacuum or low-pregdure chamber. These technigues are uaeful for small
itema such ag electrical/electironic components.

Lagzer surface alloying may find application® in military wehlcle
gystams dezign. Thig technique uses a lagar beam to heat the aurface of a
matal substrate, along with powders of the cladding metala. The powdersz
are melted inte the surface o as to form an alloyed surface layar.

Matal spraying ig a process whereby a metal or alloy id maltaed by an
alectric are or oxygen-fuel gas flame, atomized by a blast of air, and
propelled toward the surface to be coated (gee Figure 45#). Upon impact,
the molten particles coalesps, solidify, and form the coating layer. The

* From 1983 Tri Service Corrosfion Confaranae (Shaw, Barbara, and Richand
Parkg, Thermal Spray Aluminum for Corrozion Lentrol.
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coating metal may be fed into the Epraying apparatus ae powder, wire, or

rod, but it the coating metal oan be drawn inic wire, that would be the
mort convenient form to use.

HOW THERMAL SPRAY COATINGE ARE FORMED

Pl OETDCE, MEAT BaLIMCE Pebiba TE WSS TRATE EOATING
hlaL N Ol TG O LILEE T [ =]
Lol LT el ADCLLAME gy

1".‘-4."..

Fig. 45. SLHEMATIC REPRESENTATION OF THERHAL SPRAY COATING FPROCESS

A typical wire spraying apparstus resesbles a large pistel (sess Figure
454} and containg a zpool for the feed wire, and provisicna for
continuoudly faading the wire intoc a hot zone created by oxygen-fuel gas
combustion. A compregzed air scurce id then required for subaaguent
atomization and #praying of the molten feed metel. {see Figure 4T#),

Wire dprayad aluminum (WSA} i usad to protect corrcslon-prone parta
and equipment on T.8. Mavy =hipd.:*® Aluminum, zinc, or combinatione
thereof, applied by wire-gpraying, may be a good coating technigue for
combat vehjcled. The atmosphere ingide an armored vehicle hull tende to
te corroxive betauss of humidity buildup. Hulls, turreta, and various
items within the apmor envelope are good candidatee for protection by
metal gprayving.

One can apply virtuaily any coating material, even high-melting-point
ceramjicg, by plasama spraying. The coating material ig f{ed az a powdep
inte a8 high temperature zona generated by electrical digzcharge. The
molten ‘particles of ceramic, or refractory metal, are then propelled
“toward the gfurface to be ceoated, az with metal spraying,

6.2 2ing, Galvanizingd, and Precoated Stesl--The Leading Edge in tha War
on Automotive Corrosion.

* ‘Bdrng, B.M, and W.W, Bradlay, Frotective Coatingz for Metals, 3rd
"ad., Eeinhpld Publiahing Co.. New York. 1867,

#%  National Materiald Advipory Board, Metalliged Ccatinge for Corrcdicn
Controcl of Maval Ship Structureg and Components. HNational Academy
Presg=z, Waghington, D.C., 1583.
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6.2.1

Fig. &6, A TYPICAL WIRE-SPRAY
METALLIZIHG Gl

b ]

Fig. 47. CROSS-SECTIONAL VIEW OF WIRE SPRAYING
APPARATUS T

ddvantages of Zinc Coatings. Zing i2 the most commoen metsl for

protecting ferrous metals against corrogion in a variety of webhjcular and
gtationary applicationg. The reascone for the wideapread ufa of zino
include but are not necaggarily limited to the following:

]

2)

31

2ing, unlike nigkel or chromium, iz net a Zcarce Hr expendive
matal.

Zinc ig reagonably resigtant Lo corrozion in many environmentse,
due to the adharent and insoluble nature of its corrcaion products
in agueous media.

Z2ine tendd to bs anedic to ferroud metals. 1f digcontinuitiaes
peeur in a zinc ceoating, an electrochemical cel)] formx, with the
gtee]l substrate acting ag the cathode. The zing then corroden
dacrificially, offering protection to ferrous matals exposed by
the discontinuity,
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4) The melting point of zinc is high snough to render it suitable aw
a coating material for a number of applications, yet low anough
for it to ba applied by hot dipping.

5) Zinc ccatings can be applied by hot dipping, electrolytic
dapogition (electtpgalvanizingl, metal gpraying, or in the feorm of
fine particles guspended in a film-forming carrier {zinc-rich
primer}.

@) While zine fumes ara hazardous and while 1t ia not advigable to
ingezt compounde of the matal, zinc is not a terribly toxic
gubgtance, I% ia, in faet, a necepzary mineral in our bodies
{but not in excessive quantitieg!), 2Zinec 18 far lagz dangerous
than cadmium, which ia alae used ax a protectiva eoating on
ferpous metaly.

85.2.2 Galvanized Eteal] gheetz., The most common anticorsosion
application of zinc in avtomotive engineering iz the familiar
“galvanfzing® applied to sheet #teel pricr 4o shipment to mtamping plants,
whore it {a formed into body panelsa. Engineers degigning military vehicle
gydteme have a variety of commercially available zinc-coated zhaet gteels
to chooge from. The2e products includa:

o Rot-dip galvanized steel, with the zine coating applied to onse or
both zidesz,

o Steel strip with alectrodepesgited zine applied to one side only, or
with a heavy zinc coating on one side ard a thin coating on tha
other dide.

o Steely with a zine-iron alloy layar.

In addition o 2teel strip with metallic zing coatings, a major product
innovation if & precoating syztem marketed under the Zincrometal trade
name. This procegs coaks pteel sirip with a zinc-based primer gystem.
However, Zincrometal iz being replaced by better corrosgion remiztant
coabings, such az two-side galvanizing combined with cathedic
gloctrodapogited primers. '

Galvanized 2teel can be obtained with varioug coating welghts and with
a variaty of bage materials. If formability ig not required, the degigner
may #pecify commarcial guality (CQ) steel. For applicationa where feorming
qualitie® are important, drawing quality (DR}, drawing quality-gpecial
killed (DQSK), and DQEK mteelz with low carbon contents, or with carbon
giabilizera [miobium, titanium) are available. The latast steelhaking
technology, combined with proper metallurgy and heat treatment, makas it
posgible to preoduce deep drawing guality-apecial killed (DDQSK} galvanized
dteald to meet the demands of difficult {orming cperations.

At one time, galvanized sheet steel was gpecified according to the
ASTH A529 coating waight dezignation system, where G30 (the iypical
commercial coating weight), for example, meant a total of 0.90 ounces of
gine per zquare foot, both 2idez combined (0.48 punces of zinc per gguare
foot on each wide}, Products with zinc-iren alloy gurfaca ceoating were
deaignated by A rather than G, thug AG0 iz zinec-iron alloy ceoated 2heet
with 0.6 ouncez per sgquare foob, both 2idez combined.
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Pragently, galvanized sheet gsteal producte are gpescified with metric
unite. & dezignation of 130G/130 meang 130 gramy of zinc per dquare meier
of gurface on each side, while 100725 iz a differentially coated preoduct
with 100 grams ¢f zine per zquare meter on one side and 25 gm/2q meter on
the other aide.

5.2.3 Painting, forming, and welding Zalvanized steals. Galvanized

fteels were used in the 1580's for rocker panels of moter vehlcles, which
worTe prone Lo deveres corredion due to increased use of road Falt during
the 1850's. Aa utilization of galvanized steel incraasad, manufacturera
sncountered the following problems:

1) Zinc coatings applied by het-dipping do not lend themzelves
to attractive paint finishes. The "Apangle” asdociated with
galvanized surfaceg tendz to be vigible through paint coatings,
In addition, paint coatings do net adhere well to galvanized
durface unleg? special pracautiong are taken.

2} Electrical resistance (apeot) welding iz widely usgad to join
gheet metal surfaces in agaembling automeblve bodlaa. Thir is a
process whereby a very high elactric current at low voltage iz
applied to logalized areaz of faying surfacee of sheet matal baing
welded, The high temperature produced where the slacirodes press
againgt the metal cauess localized melting and cealsacence betwaen
the adjcining metal surfaces., Thiz process works well with
uncoated atealz, but galvanized asteels introduce difficulties.
The pradeance of zinc on the sides opposite the faying surfaces
cauges contamination of gpot welding aelectrodes. Thesde
alectrodes ara made {rom copper, which alleoys with zine to form a
brage, Thim alloy has a higher s#lectriecal regigtance than copper,
hence the &lactrode face temperature increages. Electrode tip
lifa iz therefore shortened.
In addition to electrode contawmination. ancther problem apises
dua to zinc on the faying surfaceg. The zine goating loweprs
contact regigtance; and furthermore forms a ring of molten zine
around the weld which dhunts current away from the weld region.
Hence increased amparaga is reguired %o gonerate the reguired
heat.
Dus to the aforementioned difficulties, it i3 nacessary to uee
increazed amperage, hipgher contact presgsups, and longer weld time
whan 2pot-welding galvanized gieel. The electrode tips will bhave
to be "dregzed” mora fragquantly. When gpot-walding bare =teel,
glactrogde tips require dregsing after approximately 10,000
welde. When zZpot-welding galvanized steel, the electrodes will
hava teo be dresded after 2000 to 2500 welds.

3] Whan aheet ateel i run through molten zinc, the high temperature
(approximately 900F or 4820) affosts the propertiez of the
dubstrate. Acgordingly, galvanized steelz have tended 4o be lesa
formable than ungalvanized celd-relled pteels.
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a.2.4 Solutions to Galvapiszad Hteal Probleme. Automebile manufacturers
hava adoptad various atrateglas to get around thege problems. Theae

includs:

1} One-gide galvanizing. Steel! galvanizad on one 2ide haz besen uaad
for extarnal body panelg. The galvanized surface faceg inward and offers
resdidtance to "inside out”® corrosion. Assembly plantz can paint the outer
durface with the uzual organic ceating ayatems, A significant
digadvantage of cno-2ide galvanized dteel 18 tha posgibility of corrozion
on the ungalvanized gide if a discontinuity cccurz in the paint coating
applied to that aida.

2) Z2inc-iron alloy coatings. Steel producery have developad shaet
Steeld with a paintable zinc-iron alloy layer on one or both z2idez. Thiae
i# accomplished by annealing a conventlenal galvanized ateel, cauging the
zine tg¢ diffuze into, and alloy with, the stesl substrate. Zn-Fe coated
dteel can als2c be produced by wiping the Iree zinc cff a regular
galvanizad steal ag it emerges from the galvanizing bath.s

Steals lightly coated with zine-iren layvers ars amanable to stbractive
paint finishes, However, there id a dacrifice in corredicon registance.
One automotiive manufacturer has made extenzive use of "1 1/2 gide’
galvanized steel, whereby one #ide ig coated with free zinc, while the
othar side had a light Zn-Fe alloy layer. The galvanized side faces
inward for indide-cut corrcgion protectlon, while the Zn-Fe coated surface
ig painted. Tha Zn-Fa layer protectd againat cosmetic corrorion if the
paint iz damaged.

3) Electrogalvanizing offers the advantagez of accurata ceating
weight contrcl, gmooth appearance (neo apanglez), improved paintability,
and improved formability. The lattermodt advantade is becauge the proceas
oocurg at tempereture® no higher tham 140F (G0C), which ig too low to
affect basa matzl properties.

Generally, electrogalvanized stesele have thinner zinc layers than hot
dip galvanized =2teel, A typical het diyp galvanized gteel, G8O, baz 275
gramg of zino per squave mater {137 grame on each aide), while a typical
Auwtomotive industry specification for electrogalvanized steel iz TO prams
per squara mater on one side, and 90 gm. per aq. m. on the other dide.
Lighter coatinge have been gpecifiad for zome applications.

Flagtrogalvanizing 12 a varsatile process. Not only can toaking
weight on aach gide be tailorad for a given appliecation, bubt ales, the
procese can apply alloy layers auch az zine-iron or ginc-nickel. One
Japanaga 2tee]l mapufacturar has developed an alactroplated sheet ateel
product with a lowar layer of zince-10% nickel and an outer layer of
zine-84% ivon.

4} lwprovementa in hot-dip galvanizing., Steel manufacturera have
developed innovative variationg of traditional hot dip galvanizing. One
manufactyprer has daveloped a progese whereby steel strip 13 run through

» 211 hot-dipped galvanized gteels have 3 Zn-Fe alloy layar, topped off
by a free zinc layer.
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moltan zinc in a durrounding environment of pure nitrogen.* A3 tha atael
amarged from the bath, nitrogan jets aceurately regulate coating welght
{gea Figure 48%). By axcluding cxygen and using thesz nitregen jeta, one
obtaing a smecth coating, freae of drogg and ripplen. Both one- and two-
dide galvanized products can be made by this procens.
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.Fig. 4. FROCESS FOR APPLYIMG SHOOTH Z1NC COATIHDG ON SHEET STEEL

Procezger have been devioed for minimizing or aliminating the
*spangla” cone normally seea on galvanizad steels. For axampla, there iz
the Haurtay process, whereby zinc dust ig blown onto a fredhly galvanized
purface, just bafore it golidifies. Another way to reduce spangles is 4o
malntain the leaad content in the zinc bath at a very low level. Steam
miste are yet another post-bath trestment toc minimize Hpangling.

Az mentioned earlier, careful control of steel chemi=try can reduce
formability problemsz,

€.2.3 Fiald Tegt2 of Galvanized w3 Non-Galvanized Stesls. Accerding to
tests performed by Defaszco, Inc., in 18981 ,%% heavy hob-dip zinc ceatings
provide suparic¢r corrcogicon protection wiz-a-vig lighter, electrodepogited
zinc alloy coatings. These tedtg were conducted with spepimens of
caold-rolled steal, steels coated by hot-dipping with zinc, zinc-aluminum,
and zinc-iron (galvannealed), and specimena electreplated with zine and
zing-nickel alloys, Some gpecimeng were expoBed with no coating except
the aforementionsd matallic layerg, while others combined the zinc-basged
tayers with phosphating and ELPQ (cathodic elactropheretic) primer
pretection. All gpecimens wera mounted on the underside o! commercial

* Obrzut, J.J., Wew Galvanized Product Assumes Dual Rolag, in Iron
Aga, 6§ April 1881, page T1.

#% Meville, R.J. and K.M. De Sauza, Undarvehicle Testingd of Finc and
Zinc Alloy Coatad Steelz, J. of Materials for Energy Systems, Vol.
B, 43.
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trugks cperating in the haavily corrosive salt balt arsa of southern
Ontaric. Tha generally superior pepformance of the hot-dipped gpecimensg
may be becau¥e they had thicker coatings than the electrogalvanized
gpacimeng. In any event, galvanized gteels outperformed bare cold rolled
gtesl. Tests by AM General show that, if etesl is to be usad at all,
galvanized steal ia the way to go.

Baaed on the Deofaszce tegts and improvementa in het-dip galvanizing,
Z-gide hot-dip, galvanized ateel ig the sAheat Bteel of choice for militarsy
applications. For giesl panals that are to be& painted, sems reduction in
zing coating thickness is justifiable on the painted s2ida. This would
reduce welding problams. Howavar, even palnted surfacas ahould have some
zine, to reducs corrodiom in tha viginity of paint film diacontinuities.

8.2.6 Galvanizing of Material other than sheat staal. Normally, when
one thinks about galvanizing in comnection with automotive engineering, he
or she thinks of pregalvanized zteel sheet, However, 2teel componenta can
be galvanized after fabrication. Hot-dip galvanizing zhops can treat
previocusaly fabricated floorpans, suspendion componentsz, 2pace frames, and
chazgogig assamblies. Fopt-azsembly galvanizing cffere the advantage of
uging exisating metal forming and asmembily tachnigques without having to
woTTy about damaging a previocuxly applied coating. If a welded assembly
id to be zinc-coated, the zinc should be applied afterward, becauge zing
fumas ara net healthy to breathe. In some applications, steel components
are aluminum,- rather than zinc-ceated becaude of thia problem,.

Romember that any protective coating ig uzelesd if vaporizad or
otharwige destroyved during welding., Coatingd in auch arsaz szt be
applied, or re-applied, after welding if that happene.

6.2.7 2inc-Aluminum Combinaticng, [t ha® long been known that aluminum
coatinge are superior to zine in offering barrier protection to atesl,
while zinc offers batter gacrificial protection. GSteel manufacturera hawve
therefore sought to develop zine-aluminum alloy ccatings, go ag to offar
both the barrier pretection of aluminum and the gacrificial protecticn
offered by zinc at edgesz, zoratches, or defects in the coating.

Galvalume (Rl. Bethlehem Steel Corporation, after year? of research
and field testing, introduced a 24 % zinc, 8% aluminum, 1% silicen alley
coating for ateel, in 1878, This coating if marketed aep Galvalume, and i#
claimed to po22ass guperior corrogion regigtence vig-a-via conventional
galvanizing. Galvalume-cocated ateels reflect infrared radiation batter
than typa I aluminum-coated steel,¥ and can be uged at temperatures up to
EQOF (318C). This i= not as high & temperature ag that which exhaust
gyetemd can gonerate. Yet Galvalums-coated gteel®, given their corrozion
registance and thermal veflectivily., may be a good choice of matarial for
gome applications. Peasible applicationg include engine or angine
compartment componentda not dubjected to temperaturas such that gtainless
gtealg would be more suitable,

E Hart, R.G. and H.E. Townzend, Galvalume Excels as Heat Reflector, in
Nov. 1983., Metal Progress, Page 20.
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Thie main digadvantage of Galvaluma-coated steel2 ig limited
formability, between CQ [commercial quality) and DQ (drawing quality).

Galfan%, In 1979, the International Lead and Zinc Resgearch
Organization (ILZRO) undertook research on the zinec-aluminum eutegtic (zes
Figure 49) that oceurs at approximately 95% Binc, 5% aluminum. The actual
work wag performed by the Centre de Recherchea Metallurgigquez {(CEM) in
Leige. Belgium. The purpese of thig research wag to find a way to protect
the market for zine, which would be threatenad if Galvalume became
popular. Also, ILZRD wanted a zinc-zluminum combination that would be
wgable on axieting hot-dip gfalvanizing linas.
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Inland Steel Corporation had previcusly carried ¢cut research on the
Zinc-5% aluminum euteotic, and their regearchers wera iaduad three United
States patentz. Onfortunately, Inland Steel did not 2olve the technical
problems that aroge in producing a high gquality commercial shaat gtiesl
coating. Regearchere at CRM piudied various additived, hoping to find an
alloying ingredient or combination which, when added in small quantities
te Zinc-5% aluminum, would result in a ceating with the desired surfaca
amoothnesd, corrozion residtance, and formability.

Fertunataly, nature geed {it that such a combination should sxiat.
Carium and Lanthanum, prefent in 2mall concentrations, achieves the
desired rasultz. A naturally gegurring mixture of cerium and lanthanum,
known as migchmetal, iz gatizfactory. Tramp elements (lead, cadmium, tin,
ate.) muzst be held {0 low levels [0.005% for lead apd cadoium, O.04% for
total tramp alement content}.

The ragulting gyatem—-zine, with about §X aluminum and up to a tenth
¢f a percent migchmetal, was gubjectad to axtensive tezting to veriiy its
producibility and corrogion rezigtance. In 18B1, full dcale trials were
carried out by a congortium of stesl producers at a faeility in Frarce.
Tt was at thie time that the Zn-5% Al mischmetal, hot-dip applied coating
wad givern the name by which it id now known--Zalvanizing Fantaetique, or
Galfan. 0Oalfan-coated sheet, wire, and tubing haz been produced for
various engineering applications.

* GQuttman, H. and 5. Belisle, Galfan--4 Neaw Coating for Automotive
Tubing.. SAE paper 880274, in SAE spmcial publication SP-849.
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Galfdn may- biqat ba deacribad iz a high pirfurmance galvanizing with a
gmatl amount ot aIuminud rathar than a rinc-alumihum combination. With a
28X zinc content, Gulfan offerz the unparalldd sacrificial protection of
zine at edges and 2eoratches. It has proven itz mettle in actual fiald
tests, such az the one conduected in Southarn Ontario. Galfan coated
gpecimend proved Buperior to othars in corrosion vregistance, whathar
painted or unpainted. It has provan to be at leagt a good az Galvalume
under varioud teste. Figure 50+ shows how Galfan compares to conventicnal
galvanizing in salt gpray tezte.
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Fig. 3. COBROSTOM PREVENTION PERFORMANCE OF COMVENTIONAL
GALVANIZING AND GALFAN

Galfan-cpated aheet zteel hag proven supericor to conventlonal
galvanized g%eel in fcrmability.x% Thiz makss Galfan guitable for
applicationg invelving desp drawing, such as oil filtar cang and brals
howeing=2, Compared with convanticnal galvanilzing, Galfan hasg little
tendency to flake offi during drawing or forming.

Galfan pogsedged the Fame problemz ag conventional het-dip galvanizing
with ragard to gpot-walding. Elactrede tip life tends te be short. One
autemobile manufacturer haz achieved 2000 welds between changing ol
marhine get{tingy, by using a harder copper or a 2pecially contoured tip in
the elactroded. ##

Finally Galfan-coated steels can be phezphated and painted as readily
az conventlional galvanized gieel. Specimens painted by E-coat primers
{such ag PPG epoxy! have demonstrated finme corrogicn resigdtance when
dgeribed and gubjected to 1000 hours of malt zpray.ss

L Herrachatt, D.C., e%. al., Galfan: A Naw Zinc-Alloy Coated Steel for
Butomotive Body Use.. SAE paper B30G17. in BP-538.

a Lynch, R.F., Galfan Coated Steel for Vehicle Applications Requiring
Superior Formability and Corrosion Rezistance. Paper presented at
ADFA meeting, 29 Apr. 1986, Williameburg, Virginia.
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Final notes: All hot-dip galvanieing uses aluminum, in amall amountz, to
regulate the coating-substrate alloying that is essantial to hot dip
applied metallic coatings. Also, one stesl manufacturer has improved the
perforpanca of zinc coatings by adding & small amount of magnasium to the
molten zire. In any evenbt, improvements in galwanizing assura that zinec
coatings will remain tha cutting edge in the war on corroaian.
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CHAFTER 7
CONVERGZION COATINGES

Three types ¢f cenvarsion coatings are applied to metals for improving
wear or corrodion redigtance, or to improve the adheszion of zubsequently
applied organic coatingd., Thefe coatings are a2 followg:

1} Phosphate coatings, cengisting of cryztalline phosphates of iren,
zine, or manganeRda intagrated into tha metal surface,

2} Chromate cpatings. Chamicals gontaining ehromium in the trivalent
and hexavalent atatez are commonly uzad as corrosion inhibiters,
2inc, cadmium, aluminum, and magnasium are amenable to chromate
treatments.

3} Anodic oxide ccatingz f(anodizing), applicable mainly te aluminum
and magnesgium.

T.1 FPhosphate Conversicn Coatinga. Phosphate converaion coatings are
applicable to steel, zinc (asg on galvanized steel), aluminum, and
cadmiun. Thelr mosat important application ig ag preparatien for organic
coating® on steal, The crydtalline nature of iron and zinc phogphates
gerves well ad a trangition layer between & metallic surface and an
organic coating. Phegpghate layerz greatly improve paint adhegion and
reduce the propagatien of corrosion that otherwise rapidiy occocurs at
scratches or othear dafects. Historiecally, phosphating was developed to
improve corrcBion protection by painting for iron and Eteel. Today, with
galvanized Ataels and modern electrophoretic primers, phosphate treatments
are 8till an essential part of product finighing technoiogy.

Phogphata coatings algo derve to retain lubricante and metalworking
compounds. They have been widely used to aid forming cperationsg, and te
reduce wear when #teel gurfaces are in sliding contact with one another.

A3 menticned before, phozphate coatings can be iron, zinc, or
manganede., Iren phosphate is a patisfactory paint base for applications
where corroaicn protection is less important than appearance and cost.
Zing phogphate provides excellent preparation for organic coatings. It
gfferg better corrofion protection than iron phosphate, and is applicable
to cold-rolled gteel, zinc-coated, or zinc-iron ceated gurfaces.

Tha only application for manganeze phosphate i# %o provide wear
rasistance for bearing surfacez. Even hers, the recent trend iz heavy
zing, rathar than manganssza phoaphate.

A phogphating solution iz almost always aquaouss, and copgigtg of the
desired metal phoaphata, and a sufficient concentration of phesphoric acid
to keep the metal phosphate in golution. Commercial pheoaphating golutiona

L] Fhogphating gclutionz based on chlorinated organic sclventa have baan
deviged.
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alzc have accalerators to apeed up the ccating procese. The accelerator
le an oxidizing agent. Nitrites, nitrates, peroxides, and chloratea hava
been ufed. Nitrite accelerators yleld the beet resulta.

When a phogphate solution ig applied to & ferroug surface, the iren
reactg with the Iree phosphoric acid. Thie causes the Ph of the sclutien
to rige in the vicinity of the aurfaca. The metal phoaphate ia now lesz
#oluble as a result, and precipitates on the surface, forming the coating.
The acid dis#solves iron in anodic region#, which shift from time to time
a3 the reaction progresge=. The procasg ig controlled corrosion: and like
any corrosion reaction involving an acid, bydrogen formg on cathedje
ragiona. The purpose of the acceleprator iz to depolarize tha catheodes by
combining with the hydrogen, thus apeading up the reaction.

Tha ratio of free phosphoric acid to total phosphate im critical te
tha phozphating process. Excess acld merely pickles the surface, while
toc little free acid reaultd in sludge formation and poor results.

Phoz2phate coatings on dateel formed by a zinc phosphate gelutien
congdigt mainly of hopeite [(hydrated zinc phosphate,

Zns {FO4)5-4Hz0, with phosphophyllite (hydrated zinc-ireon
phodphate, ZnaFe(F04}a-4Ha aldo prasent.

When phozphating zine surfacea, such a2 galvanizad steel, the #olution
likewide congisty of {pee phosphoric acid and zinc phosphate in carefully
balangad proportions. (It ia peagible to treat both steel and zinc with
one sclution). Again, the idea i3 to maintain a pH low ercugh te react
with the gurfacs, yst not #o low (or, not 2o highly arcidic} as te prevent
a phodphata coating f{rom forming.

Phosphating ig2 a procezd requiring a high degree of quality centrol.
There must ba carafu]l control of solutien temperatures., concentiration, and
impurity leveia. BSurfaces to be treated must be abaclutely free of
greade, cils, drawing compounds., and dirt. Treatment dequenced include
multiple claeaning, rining, conditioning, phozphating. and
poBt-phoophating rinzing. A typical zinc phosphating degquence for
automobile bodies iz:

. A prewagh, to rempve heavy dirt, =solder grind dust, ete.

Madium duty alkaline claanar

Hot water rinse

Secondary cleaning

Conditioning rinde. This Btep applies a conditioning agent(

{(i.a., godium phodphata with a Zmall concenrtratien of titanium

phosphate) to provide nucleation zitesd on the surfaca.

8. Traatment with the phoaphating solution.

7. Cold water rinaing

8. Chromic acid rinea. Traditionally, chromic acid rinees have
boen applied after phosphating to improve paint bonding and
corrogion realatancea. Maetal produgt finizhaprs have sought in
recent years to aliminate chromium ion-centaining rinses, becaude
of health and snvironmental consglderations.

8. & final deionized water rinze. This step iz mandatory whan

phosphating is performed prior tc electropheretic priming, as

regidual chemical centamination iZ harmful %o that proceszs.

Pl L2 R
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The wvarious cleapereg and Zolutions can be applied by spray or
immardicon. JImmersion iz the preferred method for steps 2, 3, 5, &, and 7,
while apraying iz preferred for tha lazt =tep,

The geal iz to form a coating with a uniform, dense, fine-grained
orystal gtructure. BSome pheoophating zolutiona use talcium phoaphate asm a
grain refining agent. Phosphate ccatings applied for pesscnz cther than
gubsequent organic coating deo not require ad fine a eorystal #iructure.

A properly applied phosphate coating consigte of an interlocking
network of orydtals integratad into the metal surface. Thiz results in a
network of capillariesg which absorb and ratain organic coatings. Als=o,
the nature of the metal gurface ig altered. BHare metal surface tend to be
alkaline, which inherantly cauges failure of many paint binders, Tha
electrical conductivity of metalsg, combined with surface non-uniformitiesd,
cauged electrochemical calle to forth undarneath paint coatings. This
ragult® in underfilm corregicn upon exposura to water or high humidity.
Phosphate coatingsg are non-conductive, thus electrically as well aa
phyrically ia¢lating the metal surface. These are the reapons why metor
vehicle bodies and cother ferrous item#, are phogphated befora painting.
Zinc is by nature a poor paint bade, sc phogphating ia as important az
ever when painting galvanized bodiag,

Phoaphate layerg also retain lubricanta. and are tharafore applied to
aid forming operations and Yo improve wear rezistance of metal parts in
sliding contact with one ancther. Yet another applieation iz to retain
rugt-praventive agentg on ferrcug itemd during Bteraga or while under
transport.

7.1.1 Coating waightz. Ipon phosphate layers range from 20 £a 104G
mg./ 16,2 (0.22 to 1.1 gr./m*}. Light zinc phosphate coatings2, applied
ag paint bases, range from 120 to 300 mg./ft.* (1.29 to 3.24

mg./m.*}. Heavy zine phosphate coatingas. applied az bames for forming
aoperations or to retain rust-preventive agent®, range from 800 to FDOO
ng./ft.4 (B.7 to 32.4 mg./mn.?). Manganeze phozphate is applied to
produce heavy coatings, up to 4000 mg. sft. ¥ (43.2 gr./m. %),

7.1.2 Phegphate coatings for aluminum. {rystalline phosphate coatings
are adaptable to aluminum surfaces. The zolution must be properly
formulated with zinc or manganese phozphate, an oxidizer zuch az the
nitrate NO-? jon, and a flusride, to serve ag an activating agent. &
typical solution containg O.7% zinc ion, 1% phosphate ion, 2% nitrate
ion, and 1% fluoborate BF™* ion., The fluorine-ocontaining ion ia
nacesgary bacausa aluminum's patural oxide layer would otharwise interfere
with the film-forming process, The resulting film ranges from 100 to 500
milligrams par Bquare faot (1.076 to 5.38%2 gr./m.%), and can be a base
for organic coatingd. Phosphate layers on aluminum are also an aid to
forming ocperaticons.

Cryetallinc phosphate convargion coatings for aluminum were developed
during the 1940's., This process waz later superceded by amorphous
phosphates and chromates. The cry=talline phosphate procesa pfferg the
advantage of being usable on aggemblies of zZteel and aluminum.
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7.2 Chromate Converslon Coatings. Chromates have been versgatile
workhorzes in the metal finishing industry. Conversion coatings based on
trivalent and hexavalent chromium have been widely ueed on zing, cadmium,
aluminum, magnesium, and cther metals. At one time, phosphated ateel
gurfacea were traatsd with a chreomic acid rinse to aufdment corroszion
protection. Chromate-containing pigments have long been uded in
anticorrpdion primers. Non-chromium containing pigments and metal
treatpents are replacing chromatag in some applicationda, becausa of haalth
and envirenmental problem#. MHon-chromate convergion ceoatings have been
used in the container indudtry. However, no completely =atiefactory
dubgtitute for chromatez ag pretreatmenty for aluminum or magnealium, hava
baen found.

Chromate convergion cpatings amerve ap bases for organic coatinge on
aluninum and magnezium, juat aa phosphates do for ferrous and zinc
surfzoes.

All chropate treatment scluticns contain hexavalent chromium iong.
Other chemicals are neesded to adjuzt the pH and accelerate the reactions.
When chromating a metal gurface, gome of the base metal digsclvez, This
cauzeg hexavalent chromium to be reduced to the trivalent state. The
metal gurface iz converted Lo a duperficial layer contalning trivalent and
hexavalent chromium. The metal finizhing industry haa developed a variety
of z2olutiong and procesges uging chromium compounds.

7.2.1 Chromate treatments for aluminum. Three chromate-type treatments
for aluminum will be discugeed here. They are 1] alkaline oxide, 2}
chromium phosphate, and 3) chromium chromate.

Alkaline oxide coatings ara typified by the modified Bauer-Vogel (MBW)
procegg, which iz applied to aluminum gurfaces with a 2olutien containing
godium carbopate, sodium chromate, plueg additione guch ag gilicatez or
fluerides. Sodium carbomate i3 an alkali-like zalt. and serves as the
active agent. The chromate regulates the reaction. The depogited film
cangigtes of aluminum oxide, with chreomic oxide formed by reduction of the
godium chromate.

Alkaline oxide coatingse are not commonly uged nowadayg, because anodic
oxide coatings (ancdizingl are guperior when oxida coatingd are wanted.
Also, for non-electrolytic treatment of aluminum, chromium phosphate and
chromium chromats are supariop,

Chromium phosphate conversion coatings are applied te aluminum
gurfaces by uging sclutionz containing phosphate. chromate, and fluoride
with the pH ¢n the acid side. The proportions of phesphate ag HxPOs,
fluoride, and chromium ion {as CrQs) must be within the beundaries
illustrated in Figure S1). The {lucride acts apg an activator, breaking
down the natural oxide layer, while the phosphoric acid provide the
neceggary acidity, Soms of the aluminum disselves at ancdic sites,
forming aluminum phosphate. At cathedie sites, hexavalent chromium acis
ax a depeolarizer, and i reduced to trivalent chromium, whick is
incorporatad into the film. This treatment produces a conversion coating
congigting of chromium and aluminum phosphates, with a small gquantity of
flueride. The coating is green in color due to the presence of reduced
chir o .
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Another ccating process appliss & coating consisting of trivelent and
haxavalent chromium, in the form of hydrated chromive chromate,
Cra0z-Cr0z-%xHa0. The =zeolutiona used to apply thasa coating=s are
proprietary; a typical formulation conzists of godium dichromate,
potagsium ferricyanide, godium fluoride, and nitric acid. The firzt
component provides hexavalent chromium. The nitric acid previdesz acidity,
and the fluoride is the attacking agent, diezeolving the oxide film. The
ferricyanide acts ad an accelerator.

Chromium chromate and chromium phogphate filme are amorphouz. as
oppoged to the crystalline structure characteristic of phosphate coatings
cn gteel purfaces. Accordingly. organic ceatings uged on aluminum
gupfaces with thess pretraatments must have good adhegive properties,
bacause the conversgion coating doeg not provide a network of grystals to
mechanically hold such coatings. Froperly applied chromate coatings will,
haowever, retard underfilm corregdion and paint adhegion failure on aluminum
aurfaces.

Chromate convergion coatings offer some degrae of corroaion protection
by themselved. Anr interesting feature of thega goatings is low elactrical
rezistance, which makes them guitable for treating electrical and
electronic componente.

7.2.2 Chromate Coating® om Zinc. Chromate Yreatmentg applied to zine
gurfagss, such as galvanized steel, inhibit the “wet Btorage staln”
charactariztic of galvanized articles stored under wet cor humid
conditions. Chromate pasgivation ig alse applicable to cadpium-platad
componentg. I[tem® being packagad for ztorage or ghipment can benefit from
chromate pagzivation, because vaporz from wood or paints can be corrosive
to unprotected zinc or cadmium surfaces,

4 typival chromate treatment for zinc ugeg godium dichromate and
gulfuric acid. The ceating formed ig primarily ohromium chromatea.

Finally, magnegium surfaces can be chromate-treated, aither asg a bage
for gubgequent organic ceating® or, in anvironments not too corrasive, as
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a4 protective coating in itself. In civilian automotive applisations, ifor
example, & magnegtum alternator frame may reguira no protective coatinga
other than a good chromate passivation treatment. In military
applicationd, any magnedium componants would bave to protected by a good
orfanic coating syetem.

7.3 Anodie Oxide Coatingd. Anodizing is definad as any process which
develops an oxide ¢pating on a metal surface by making it the anode in an
alectrochamical cell. Aluminum and magneaium, and their alloy#, are the
modt familiar metalg regularly anodized. Aluminum alloy2 are anodized to
improve corrolion redistance, for decorative purposes, or tc protect the
durface against abrasion. Magnezium allows are ancdizad te improve
corrodion redidtanca and to Farve ax g paint baase.

Anodizing will be digcussad further in the sactionz of thig report
dealing with aluminum alleys,
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OHAPTER 8
ORGANIC COATINGS

The category of ooatings labelaed “erganic’ ingludes psints,
varnishes, lacquers, and enamelE. One may also include temporary and
semipermanent rust-preventiva graaseg, 0ild, and waxea undar the “organic’
clasgajfication.

The world of organic coatinge has changad. Laws deeigned to protect
our atmosphere are redtricting what was formerly the unrestrained use of
organic golvente. Accordingly, powder coatings and water-borne coatinga
are playing a mora prominent role than formerly. One algo hears a lot
about high solids coatinge employing little, or even no dolvents,
Eleaztrophoretic {a.k.a. E-coat, ELPO} primerg are now the standard method
of applying primer ccoatings to motor vehicle bodiez. MNonetheless, to
undergdband organic ceatingsz, the engineer must atart by studying clasgical
coating oydtems, ’

Clagsical palntz, enamels, varnishes, and lacquers ocngisgt of three
major componenta: film-former, pigment, and solvent. The film-former aor
binder may be a drying oil, or {f may be a rezin which i fluid only when
diz#olved in a golvent, or it may ba a polymerizable material. Pigments
are very finely divided mpaterials for imparting color, inhibiting
corrogion, or adding strength to a coating layer. The golvant, or
thinner, lowars the vigcosity to a demired level for eagiar application.

A complate ceoating system for a metal surfaca bagine with cleaning to
remove mill-acale, dirt, greada, and all other aurfaca contamination.

Thig iz very important: It hay been gaid that a mediccre paint applied to
a well prepared surface ig better than an excellent coating material
applied to a poorly prepared surface, The quality of the baze material iz
alz2o important. Sheet Zteel with heavy surface contamination {(i.e.,
carbon particleg), can be difficult to clean and pheaphate, and
gubaequently applied organic coatings will not adhere well.

The next gtep iz a phosphate or other suitable conditioning
treatment, te improve coating adhesion and retard the spread of corroBicn
beraath coatings. An alternative to phosphate treatments for largs
dtructures i® to employ a "wash primer”, which i2 a brughed or aprayed-on
phosphate treatment employing an organic binpder and pigments,

After cleaping and phesphating (or octherwise conditioning] a metal
gurface, a primer ccating iz the initial organic coating layer.

Bubsequent coating layers following the primer include surfacers and
topcoatd, The gurfacer, af its name [mplies, lavels out unevensessesd, The
topooat protects the underlying layera from the element2, and contains
pigmenty which impart the degired color for decorative, or camguflaga,
purpoded. {(The primer contains the corrowlon-inhibiting pilgments).

8.1 Film-Forming Mechanigms and Materialg, The classical film-formar in
house painty® i=2 a drying oil, such as lingeed. The oil, along with
pigment particles, iz diiuted with a sclvent for eaze of application.

When the painter applias the paint te a surface, the golvent svaporatas
quickly. The drying oil combine? with oxygan in the air and, in 2o deoing,
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tha melecules link up with one another to form a aclid film. Thia film
helds the pigment particles in plape.

Tha mechaniem drying oils use to form a 2olid film iz known as
oxidative polynerization. OQil-bazed paints using red lead ag the pigment
ware widely uged a2 primere for steel structures, before being gupplanted
by better materialz. Today, drying olls are 2%ill uged in paintsz,
anamels, and varnishes.®* but are modified by various procesgey., BPBeging
{solid materiale} can be mixed with oils to improve film propertien.

Another way to apply an crganic coating film i2 to uge a resin which
1z fluid when disgelved in & suitable 2olvent, but which forms a sclid
film az eopn ad the solvent evaporates. These ceatinga ars known as
lacquera (or lacquer enamels, if pigmented). Film formation i aclely by
golvent evaporation, with no need for crosg-linking or polymerization.
This ie¢ known ad lacquer drying.

Nitroceliulose lacguers were introduced in tha 1520°'s. These consist
of nitrocellulode dissolved in 2olvent, with pigmont particlesz added to
impart color. The resulting lacquer ig appliad by zpraying. When the
solvent evaporated, the nitrocellulose staye behind, on the surface, aa a
film,

The fasat drying of nitrocellulose lacguer? made pogzible the rapid
finighing of automobile bodies on producticn lineg, with attractive and
durable finizhez in colorg other than black. PBecause nitrocellulose iz
brittle, plasticizerz are added to impart flexibility %o the film.
Manufacturers have alsc used varicu# reging, such ay alkyds, acrylics, and
natural reging to further improve film properties. The trend in lacquen
fermulation over the years haz been toward lower viscosity nitrocelluloge
and increazed proportionsa of cther rezing, regulting in lower solvent (and
higher Zolids) contant. Thiz2 omean# lower material and applications nogta.

Eventually, nitrocallulcge lacquers were duparceded by thermoplasticg
acrylic lacquers for automotive finigdhing. Thermegetting acrylice wers
Iater adopted as baking enamels.

So far, two mechanizmz2 of paint drying have been digcusgged: oxidative
polymerization and lacquer drying. A third drying mechanizm condidts of
pelymerization reacticong between ingredients in & coating formulation
without the aid of atmegpheric oxygen. This i8 how &pory and polyurethane
reging “cure’ when ingredients of two-package formulations are mixed.
Other zynthetic reging that barden by polymerization include
uvrga-formaldehyde, melamine-formaldshyde, and acrylicaz,

Modern finighez for bulldings, condumer item#, military eguipment, and
indusgtrial applications are made from & variety of natural and gynthetic
materiala, Coating manufacturerd combine drying oile with cother materialas
to make alkyds. The variety of reding available to coating manufacturers
enables tham to produce paints, vernizheg, and enamels with a variety of
propartias. To fully deadcribe &ll of the materiale uged in protective
cocatings would raquire a wvery velumipous report. Accordingly, only a

% Paint id a ganaral taerm for organic coating2 uaing a plgment and
binder. An enamel ig a paint that forma a smooth aurfage finigh,
Varnigh refer® to a coating without pigment particlesz.
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{imited number of cosbing oatevrials will be deworibed heve, to provide the
enginesr with a baaic background in ovganic ccatinge for mllitary
aquipmant,

- B.2  Alkyd Reain - Baded Coatinge. Primera and topcoate baded on alkyd

resing are tha classic military coatings. Thaey have gerved Lthe Avmy for
dacadez, yntll recent needs for chemircal agent refisgtant coatings resulted
in their replacemant by more medarn coating materiala, notably,
polyurethanas.

An mlkyd (alpohol + acid) iz a pelymer resin badad on chemical
reaction betwean polybagic agide and polyhydric aleohels. Tha fortwer are
organic acids oy scid anhydrides with twe or wore -CODH groups
characteristic of organic acid moleculee., The latter are alcchols with
twe or more -0OH groups. One pomsible alkyd combination ia phthalie
anhydride, a bifuncticnal organic acid pubatanca, and ethylens glycel, a
bifunctional alcoehel. Tha functionality groups cause formation of a
polymer (See Figure 852).
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Fig. 52b. ETHYLENE GLYCOL
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Fig. [2e. & SIMPLE ALEYD, FORMED BY PHTHALTC ANHYDRIDE
AFD ETHYLEME GLYCOL.
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How, guppoze one were to formulate an alkyd with phthalic anhydride as
the polyfunctional acid but with glycerol a# the polyfunctional aleohol.
Giyecevrol bhad thras -OH groupa. Hence one of! thege groups can react with a
mencfunctional acid (l.s., an acid with only one -COOH groupl, leaving the
ramaining -0E groups frees tec raact with the phthalic anhydrida.
Accordingly, fatty acid# characterigtic of drying oilms can chemically
combine with phthalic/glycercl alkydy to form a resin combining the
tavorable characteristics of glycerol phthalate and drying ¢il. Fure
glycaral phthalata iz Drittle becauee of axtensive ¢resgg-linking between
tha linear chaina. Adding drying oil makesa tha film mere flexible.

Drying oils ara naturally occurring triglyceridag of unsgaturated fatty
acida (sae Figure 53). In claszszical lindeed cil-baped paint, multiplse
deuble bonds in the fatty acid chain® (resultiing frem non-gaturation)
provide gites for the oxidative ocrodd-linking degeribed earlier. If a
drying oil 12 mixed with glycerol in the right proportiong and heatad in a
kettle, an interchange reaction {saa Figure 54} ocecurs. The objective iz
to form glycerol moleacules with ona, or at most tws, fatty acid chainsz.
rather than three. :

. H—C—oH
H—&<—pH
H— C—0H

I

H

Fig. 3a GLYCEROL
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Fig. 53b. LINOLEMIC ACLG, & TYPICAL DRYING OLL FATTY ACID
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Fig. 5Je. DRYING &1L MOLECULE, Rl' it?, RJ
ARE FATTY ACED RADICALS SUCH AS Fig. 53k ABOVE.
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The regulting fatty acid monoglyceride has twe -OB groups that can
form linear chaine with bifunctional acids such a2 phthalie anhydrida. If
glycarcl is reacted with drying oil to yield fatty acid monoglyceride and
subgaquantly cambined with phthalic anhydride, the result ie an alkyd
congiating of random couplinga of glycercl, phthalic anhydride, and fatty
acid (gee Figure 5%). Thig iz the alkyd system wsed for years in military
coatings.
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Fig. 55.
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A typical alkyd primer is based on standard TT-F-004. The film-former
ia an alkyd resin formed by esterilication of glycerine, phthalie
anhydride, and fatty acids obtained from lingeed, moya, safflowen, and
gunflower oile. The specification calls for a minimum of 39 percent (by
woight) phthalie anhydride, and 32 percant oil acidz, expressed as
parcentage of vehicle polida.

The pigment iz & mixture of zine chromste, iron oxides, and #iliceous
extendars. The purpose of this pigment mixture ig rust inhibition rather
than any specific color raguirement.

The golvent maats cne of two specifications: Compesiten G, for
general use, conslsta of volatile avromatic splvents. Compositon L ia for
uge in areag where air gquality standardz regbrict solvent emigalong inte
the stmosphers. Under the comporition L standard, gertain
photo-chemically reactive gclvents are rastricted or eliminated. Both G
and I atandardp {orbid highly toxic sclventz guch ae benzene and
chloprinated hydrocarbona.

& typical alkyd topcoat enamel is apacified undar MIL-E-52T9BA
(Enamal, Alkyd, Camouflage). The film former iz a glycerci/phthalie
anhydridasoil alkyd. The oil acide conatitute 45 to 55 percent, by
welght, of the realn sclids, Phthalic ankydride occupiez 30 perrcent of
the reain welight.

Tha pigment muat meet coler and inirared spectral characteristica.
The following colerda are coverad under the atandard:

o Light green o Earth yellow
¢ Forezt green o Earth red

o Dark green ¢ Desert gand
¢ Olive dprab o Black

o Fiald drab

All pigment formulationsz muzi{ meet requirements for chemical
compogition, visual-zpectral, and infrared-gpectral characteristiczs for
camouf lage purposez. A btypleal camcuflage pigment mixture ig foregt
green, with vidual and infrarved characteristice adjueted =Zo ay to
duplicate the characterigtics of naturally occurring chlorophyll, as in
tree leaves and othar vegetation.

& typical sarliar paint ayztem before CART was mandated, applied to
NG) series main battle tanks, comsists of TT-{-480¢ phogphate treatment,
TT-F-884C primer, and MIL-E-537H8 enamel.

In recent years yaarg, military gurface ccatingg have been
reformulated to eliminate lead- and chromakes- containing pigmentz. For
exappla, TT-P-584C haa been replaced by MIL-P-5299%, which calls for a
cerrogicn inhibiting, lacquer-regigtapt, lead and chromate free primer.
The pigment conziete of irocm oxide, zinc phoephate, & proprietary
matarial, and gillceous extenders. The pigment must not have hexavalent
chromium. The binder ig a rezin-medified, drying oil-phthaliec alkyd
razin.

Drying cil medified, glycerel phthalate alkyd resins have attained an
imposrtant place in coating btechnology sipce their introduction ln 1930,
becauge their durability ig mush better than the olecresinoug materialsz
they replaced. Thiz 18 why alkyd primers and topcoats have been
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pgtandardized by the military for protective goating of vehicleg and other
itemg. The coatings chemigt can obtain a range of propertiez by uging
different oil=s, and by varying the proportion of oll fatty acida in the
alkyd formulation.m While glycerol is the moat commonly employed
pelyfunctional alcehel, oathers have been used. Coatings chemigt have also
uzed acidd ether than phthalie anhydride.

Finally, alkyds can be medified with styrene, gilicanes, acrylics, and
other materials. The main dizadvantage of oil-containing alkyds ig that
they are vulnarable to attack by alkalles and other chemicaisz.
Accordingly,. coatings chemists have, over the years, scught meore Jurable,
and more chemical-reasidtant paint binders.

B.3 Epoxy resingd. Epoxies are gynthetie resing which harden by
crosg-linking. These resine have & number of applications, including
gurface ceatings, adhezivas, and fiber-reinforced composites. Tha most
common epeoxy rezins are formed by the reaction of epichlorohydrin and
bidphenol 4, regulting in tha molecular structure ghown in Figuee 8. The
epoxide groups {from which the familiar term “epoxy” iz derived) at the
ends of the melecule can react with a variety of curing agents. The epoxy
molecule can alae combine with other materials via the -0H groupa.

EFQLIDE CROUF -GH CROUT
—— ey
£ H CH H o4 H CH )
AT " P T s A
g—c—f.lz 0—@—~:|:~@—o—rlz—c—c—lo—@—c—@—o—?—c—c|:
I
Ll T Ll

Fig. 6. THE MOLECULAR STRUCTURE OF A COHAMON EFG®Y RESLN, FORMED BY FOLYMERIZATION
OF EPICHLORGCHYDHRIN AND BISPHENOL A.

Epoxv-baged film formers for surface coatings can be made by reacting
the bagic apoxy melecule with drying oil fatty acids, or by cross-linking
apoxy with amineg, amideg, phencls, amine reging, or sther materialsg wheosge
molecular structures have reactive bydregen. Commerecial epoxy packages
congist of a bagic epoxy redin, typivally epichlorchydrinsbizphencl 4,
plug a crogg-linker. Some formulations use a catalylst to accelerate the
reaction.

Curing agents such ag amines react with epoxy 8¢ quickly that the two
mugt be kept in separate containers, and mixed shortly before utilization

. People in the ceatingg field use the term oil length to describe the
proportien of oll acidg in alkyd resins.
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ad a coating, adhesive, eic.* Tha maximum time an epoxy mixture can be
allowed to ait, before excessivae crcag-linking rendera it unfit for
application, i{s callad pot life.

In durfaca coatings for military applications, epoxy resind are mainly
uded as primers. & claddical epoxy primer uzed by the Army ia
MIL-P-33377D, a two-component, apoxy-polyamide, chemical and solvent
regigtant primer coating, compatible with aliphatic pelyurethana {CARC]
topooats. One gomponent consists of epoxy regin, along with plgment and
golvent. Thae othear component conslg#ts of a polyamide resdin, plus#
aolvent. The uger mixasa the two componentz in equal proportiens, by
volume, to obtain a product meeding the zpecification., The mixtura may be
thinned with golvents meeting MIL-T-81772, for eage of application.

The pigment ia primarily strontium chromate. Type [ pidment is 52X of
the above, with 10% titanium dioxide and up to 38% by weight silicegus
extenders and antisettling agents. Typa IT pigment consiats of 42%
(ninimum] strontium chromate, up to 32X extender, and up te 26% coloring
pigmentz.

When applied to pretraated aluminum test panels, the primer nmuet
regisgt 5% galt apray for 1000 hours.

Two-component apoxy systems. once mixed, do not have infinite pot
life. MIL-P-23377D requires, however, that when (nitially mixed and
thinned to 20 seconde (vigcority, mezzured in accordance with a gpecified
procedure}, the primer ghall have a vizcogity of no more than 25 zeconds
when gtored in a ecleozad container for B houra at 23 (7IF), or three daye
at 4.40C (40F).

Another epoxy primer, sgpacification MIL-P-S30224A, cover# a
porerogion~inhibiting, lead- and chromate-free primer. formulated so as to
meet air polluticn regquiraments regarding solvent emiggionz. The film
former ig bisphenol A-type epoxy, crozs-linked with an aliphatic
amine-epoxy adduct. Lika all such zyztems, the resins and cross-linking
compound are storad separataly and mixed prier to application.

The pigment cannot contain the familiar chramate compounds
traditionally ueed for corrogion inhibition. It conegizte of titanium
dioxide (50% by weightl, zinc phozphate {9 to 11%), and miliceous
extenderg, The pigmant muzt tegt negative for hexavalent chromium. About
i% of the pigment iz a proprietary subztancs.

MIL-P-53030 is a specificatien for a water-reducible, corrosion
inhibiting, epoxy primer. Thig primer containz ne more than 340 grams per
liter (2.8 Lb. per gallonl of wolatile organle compeounds.

In indudtry, epoxiez coffer the advantages of good adhegion, and
regigtanece to abrazien and chemical attack. Becauge epoxy reding harden
by croga-linking, they can ba applied at low molecular weights, thus
permitting raeduction, aven elimination, of dclventz. Epoxiesz are alsgo
applicable by elactropheoretic procesges. Combinationg of epoxy resin and
coal tar have been uged in heavy-duty coerrosion protection applicationa,

#  Bome epoxy Hystems react sc g#lowly at room temperaturez that they can
be issuad in a zingle package. The coating must then be heated to
artivate croas-linking.
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Epoxy coatingsg are not employed ag external topesats, aa they do not
of fer the durability characteristicg of alternative topeooats under
gunlight (UV radiation). They make good primer= for fervrous and
non-ferroud matala, and are the standard primer for CARC systems using
pelyurethans topooats.

8.4 Folyurethane reging. PFPolyurethanes are Based on chemicalsz such as
toluena di-isocyanate, which contain two or more -NCO group®. Like the
apoxide functionality, -NCO will tink up with virtually anything that ha=z
raactiva hydrogen. FPolyurathane reging have applicationg in foams,
elagtomara, adhegived, and coatings. With regard to coatings, a number of
gyetems hava been deviged. Some are one package formulationz, while
others have to be igsued in two containers. Figura 57 illustrates pome
pelyurethane gystems.

By gtrict definitien, a polyurethane regin 12 a polymer formed by
reaction betwsan tha izscyanate (-NCG) and hydroxyl (-0H) groups in
polyfunctional laccyanaztes and polyhydroxyl: {or polycll compoundg. The
pelyurethane coatinge we uge today are based on technology developed in
Garmany during the 1930'2 and -40'a. This technoloedy owes much to the
plonaaring work of Dr. Otto Bayer, whe digcovered the diigocyanate
polymerization reactlion in 1937. By the 1850's, the Bayer chemical firm
had standardized pelyurethans products on tha market. The "Desmedurs’
were polyigeocyanate compounds, while '[Degmophens were polyegters with
multiple ~0H groups. A polyurethane forms when a Deamophen i2 mixad with
a Degmadur,

In 1954, Bayer in Germany and Monganto in the United States
established thy Mobay Chemical Corperaticn (Mobay = Monsanto + Bayar) te
bring polyurethane technology to the United States.

In recent ygarsg, increaged attention hag been given to the pozmibility
of NBC warfare. What military vehicles {and other equipment} need, i3 a
topooat material that deoeg not absorb chemical agent®, and can be eagily
decontaminated after Zuch expozure. Coatings baged gn Dezmodur-Desmophen
technology meet thig need,

Chemical agent regiztant polyurethane coatings (CARC) are specified
under MIL-C-46188. This gpecification callg for an aliphatic* system
whoze components must be kept separated until ghortly befosre application.
Component & if a prepolymer congisting of phthalic anhydride combinad with
trimethylol propane digzolved in a sclvent. Thisz compeonent aldo carries
the pigment called gut in the specification. The second component (B) is
an aliphatic polyisocyanate, digselved in a golvent. Compenents A and B
ars mixed in a 4:1 ratic teo yield a product meeting the aspecification.

MIL-C-48188 polyurethane coabing can be applied by spraying apparatus
which mixes the compomnants, in the required preportisnz, in the neozzla
head. The surface being coated must be thorsughly cleaned and

1 Military polyurethane coatings are based on aliphatic
polyisocyanates. Thisz results in improwed properties compared to the
aromatic polyurethanes that ware the basi= of a let of the sarly work
en polyurethane coatings.
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pretraatad.
primer, followsd by the polyurethane topcoat.

CH,

NCO
OCN=(CH)—NCO

NCO HEXAMETHYLENE DI ISOCYATE
(AN ALIPHATIC ISOCYANATE)

TOLUERE D1130CYANATE,
(AN ARDMATLIC ISOCYANATE)

Fig. 57a. TYFICAL DI ISOCYANATES

CH

NCO-—-R—HNCD + R<OH =
OH

H < :
—R-ﬁ—ELﬂ-k—ﬂ—g—E—H-ﬁ—g—n— mo-EHZ—H—E—g—a—E-o—E—£~H—

Fig. 57b. TFORMATION OF POLYURETHANE RESIN FROM DI ESOCYANATE AND

A TRIOL
R NCO + HOH = R:NH, + CO,
ISOCYANATE WATEER AHINE
{from humidity)
H O K

RNCO + R"NH,= R-N-C—N-R

ISQCYANATE AMINE SUBSTITUTEER UREA

Fig. 37¢. MOISTURE-CURING POLYURETHANE REACTICOHNS

The gtandard polyurathane ooating system conzists of an epoxy
It i=s not neceZpary to use

#levated temperatura baking to cure either the epoxy primer or the

topcoat, becausa thay ecrogg-link at normal temperatures.

Thia meand,

kowever,. that naither of thege coatings may be allowed to mit wery long
after mixing the components.
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MIL-C-45168C calle out 25 relors. Some colors are camouf.age-type.
The pigment2 may meet one of twe standards: Type 1 callz for standard
foermutation for all colers. Types I and III call for lead- and
chromate-iree pigment2. Type II1 iz a specification for reduced wolatile
organic component golwent formulation.

The driving force behind development of polyurethane coatings fop
military applications iz resistance to chemiral agents., Alkyd topeoats
readily abserb toxic agents, and decontaminating sclutions (i.e., DE-1)
will strip the coating off the surface. FPolyurethane Lopooats are not
glven to absorbing toxic agents. 4&lse, one can decontaminate a
pelyurethane-toated surface with standard decontaminating agents. The
alipbatic polyurethanes alao offer excellent durability in cther areas,
Disadvantages include the folicwing:

o Senzitivity to surface preparation -- stringdent gqual:ty control
reguired
0 heed to mix two companernts
Tormicity of di-igecyarate compounds
Dffieulty of application in the fi1eld [Hepairing a damaged
coating could be diflfiouit)

o0

These disadvantages can be overcome with experience, and the
advantages of not being "stripped’ during NBC training (or actuoal
wariare'! makes polyurethane coatings worth their added expense and
difficulty.

2.4.1 Ore - Component Fo.yurethane Cgatings. There are teckrniques by
which peiyurethane coatings can be nffered in one package instead of twe,
¥Mo.sture curing {ormulations oonsist of a pelyhydroayl material reacted
with excess polyisooyvanate to form a prepolymer with excegs -NCO Zroups.
Thig prepolymer must be protected from moisture at all timez, until 1t t=
zpplied to the surface peing coated. Then, moisture normally in the
atmosphere reacts with free -NCQ groups 4o form am:ne groups. These then
react with other free -¥CO's Lo crogs-iink the prepolymer into a resif
with the des:red propertres (see Fig., 700

Elserad, or "digguiged’ peolylsocyanate sSystems, USe a Semporary
biocking agens, notably phenel. o react with free -¥{D groups of an
1socyanate adduct or prepoliymer. Thic (g muxed with -OH bearing
components and pigment=, =zolvents, and catalysts to make a one-component
cpating. Because the -KCO groups are blocked, no reaction occurs in the
container, When applied to the surface being coated, the coating must be
heawed %o 3 temperature high enough to break the blocking agent away from
the -XC0D pearing component. The [lock:ng agent evaporatesz. Isoecyanate
Eroups, naw Iree, form urethane iinkages (n a manner sSimilar Lo ftwo-par:
systems. "Blocked  polyurethanes sulfler the disadvantages of regquiring
G1gh termperature (150C [gr pheioul-%locked systemsi baking, and the need teo
drgpoge of the vaporized blocking agent,

In addstzon te %he above, po.viuncticnal :socvanates can be used 1n
conjunctian with dry:ng oLvl derzvatives o yield urethane oi1ls, or
“uraleyde’ . These have been uged :in varnishes and enamels.
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Thers ip a military apecification for a ons-comporent, aliphatie
polyurethana, chamical agent reaiztant coating. MIL-C-53030 (ME) (A a
lead-and chremate-frea, low TOO golvent coating based on aliphatic
pelyisscyanate reacted with an -OH terminated prepolymer. The resulting
material 1a auch that when applied to a gurface, moldture {rem tha
atmoaphere completes the film-forming process. Molstura-curing,
ona-conponant polyurathane® tend to have limitad shelf life.

Ona coating® manufacturer hag attempted teo sall the Army on the merits
cf a iow YO, blocked imooyanate one-package coating. Thie matetrial uses
3.5 lb.sgallen of wolatile organic solvents at an application viscoaity of
25 second2 (Zahn #3). It muet be baked for 20 minutez at 326F.

Foelyurethane® have an aggured future in the Army, becaume they are the
enly topooating mateviale which have proven ability to meet CARC
regquirementa. CARC coatinga have baen mandatory pince Oct. 1885 for all
combat zone equipment. Aa far af the authoy knows, 2-component
polyuresthane [MIL-C-48188) and meisture-curing ong-component urethane
(MIL-C-53030) are the only axtarier topooat materials which mest CARC
reguirements and, at tha same time, do not pequire high tamperature
baking. i

Polyurethane anamels have long been uded on aircraft, which requirs
gmooth coatingsa for good aerodynamic efficiaency. Alrecraft coatings muat
alse regist abrasion. On both pointda, the urethanes outperform other
goatinga. The avtomotive induptry ha2 alsc taken notice of the
poRaiblilitias offered by thege coatinga.»

In terms of regietance to chemicaly, sunlight, and abraaicn,
pelyurathanes may well be called the king of topevating materials.

8.8 Hther Hewins.

8.5.1 Urea- and Melamine - Formaldehyde#. Urea and malamine (zee Fig.
&) ave amine compounds ugsad for various purposes in the polymer

indugtry. In purface coatings, urea-formaldaehyde and
melamine-formaldahyde rezing have been udad in baking enamels. Ganarally,
melamine-formaldehyde iz a higher performance matenrial than
urea-fopmaldahyde,

A ¢nce-popular baking enamel for congumer good# congists of gpacially
formulated alkyd »eein fovtified with 30 to 35 percent
malamine-formaldehyde resin. Such anamelzs had found wide acceptance for
finighing appliances whare datergents (washing machinas) or food chemicals
{refrigeratord) will attack cheaply made coating materiale, A& number of
federal alkyd eonamal #pecificationd call for 20% melamine-formaldeliyde az
a fortifier. Such enamelie are baked after application. "The melamine
allows it and performance demands it.

] Folyurethane Coatings Halp Solve U.5. Automotive Paint Challengdes,
page 35, Modern Paint and Coatings, July 1887,
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At one time, melamine-fortified alkyd baking enamels were usged am
automotive topooats. MWelamine-formaldehyde and melamine-alkyds have alzo
baen uted in nitrocellulose finiphes. Urea and melamine can crogs-link
apoxy reaina, and melamine can combine with acrylic pelypers to make
acrylic baking anamel=s.

MIL-E-5RE3%A (Enamel, Modified Rikyd, Camouflage, Lusterlezal coverg a
forest graen camguflage enamel congigting of phthalic anhydridesdrying oil
alkyd resin modified with 20 percent, by weight, of butylated
malamina-formaldehyde resin. The latter g a croaa-linking reain which
polymerizeg only under baking heat., Typical baking parameters; IO
minutez at JI0OF (1480).
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B.5.2 Phenola. Fhancl CeKelX and itz darivativen
(i.e.,paraphenylphencl) can combine with formaldehyde and polymerize.
Phencl-formaldehyde resin, introduced in 1908 by Leo Baekeland, was our
{irgt truly syrthetic matarial.

Gleoreginoud film-formers, using dubztituted phencle to form the resin
and tung oil ad the oil component, are classios in the higtory of
varnighez. Phenolic-tung oil coatings can withstand zalt water spray, and
therefore make good marine apar varnighes.

The ®urface coating industry has utilized phencl-baged regins in a
number of forma. Thermoplagtic phenclic reging are used with cils to make
air drying varnizhes. Low molscular waight thermozetting phencls ara
blended with oil# and solvents Lo maka baking varnishes and snamals,
Qil-fres phenol-formaldebyde resin can cregg-link epoxy moleculasz.

Highly polymerized phenolic rasind can be modified with natural razinsz
to make them oll-goluble. Resin-modified phenolic resin, blended with
drying cil, wag the basis for tha "four hour” enamels commonly used in the
1920’2 and early 1930°s, befcre alkyds were adopted.

Phenolic coating materialg hava proven their ability to protect brake
agsembliez from 3alt waker corrodion. (Flapdermeyer, Teat of Methodsz for
Frotection of Brake Asgemblies from Sa3lt Water Corrosion, F&. Belvsoir,
19588.)

8.5.3 Yinyl Reging. The term “vinyl® refers to any menomer with the
mclecular gtructure shown in Figure 58, Like sthylene, the vinylis (which
are gimply subatituted ethylenssg) form polymers under the rigbt
conditions.

ARRTTRARY RADICAL (May be
chloride, acerats, eto.)

H
F
c
J

H
[
e
oo

Flg. 39. GENERAL STRUCTURE UF WIHYL RESLN

Folyvinyl Chloride {(PVC) 18 a widely uzed plastic., Highly polymerized
PVC iz tough, havrd, and regigts meisture and many chemicals. However,
coatinga chemizts do not usa PVC by itzel! because it does not disaclive in
commen)ly used solvents, and i# brittle. Alac, FVC tends to decompose when
gubjegted to heat.

Particles of PYC, suspended in a plasticizer along with atabilizarsm,
iz the basis for "plastigol”™ coatingz. Thig gyztem was inveatigated,
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along with ebher coatings, for protecting bigh-strengil wteel torgion

bara.®* Flastizol coatings froved more cogt-effective than a 2-component
pelyurethane #lastomar coating, and exhibited the neceggary flexibility,

adhezion, abradion and impact resistance, and rezisgtance %o diezel fuel.
F¥C-plaztidels for metal coating are specified under MIL-P-208689C. They
muzt be applied to properly primed eurfaces, and baked at 325F (183C) for
1% minutes.

A common commsrcial avtopotive application for PVC - plagtiwol i#8 to
protect vulnarable areag of motor wvehicles from stone and gravel damaje.

Becauge PYC by itself is brittle and difficult to dolvate (disselvel,
coatingd chemists copelymerize vinyl chloride withk octher vinyla, notably
vinyl acetata and vinyl alcohol. 3Solution - type vinyl reains are moatly
vinyl chloride, with other monomers added so the reain will dissolve in
carrier golvent®. Theze reging have been uged in anticorrodion primers
and antifouling topceatz for ships. They can be used by themselwes, or in
combination with alkyd=z.

Other vinyld include vinylbenzene (g2tyrene}, polyvinlformal, and
polyviny! butyral. The last ia the film-former in “wagh® primerz, and
algc derves ag the flexible layer in safety glasms,

8.5.4 Acrylics are a subcategory of the vinyle, They are derivatives of
acrylic acid or methacrylic acid (dee figureg G60a and 50b). Polymathyl
methacrylate {({igure B0c) zerves the plastic# indusbry as a transparent
pelymer. Acrylic compeunds algo derve ag adhegivew,

Acrylice are versatile workhorsges in the gurface goatinge induatry.
They have been uged in lacgquers, enamels, high-gglide enamels, watarborne
latex paintiz, electrophoretic primery, and powder coatingd. In the
autometive industry, acrylic enamel® have raplaced every other basic regin
tyvpe for tepcoating purpo#es. Only polyurethane enamel2 and
polyegter-based powdar coatingd threaten their zupremacy.

Lacguery basgad on thermoplazdtic acrylic rerina wera, at cne time,
widaly used as automotive finighing topceat®, Eveniually, lacguerz were
guperzeded becauge their high sclvent content created alr guality
compliance probleams.

Thermedstting acrylice are used in bakingd enamelz. The practice here
ig to form a linear copolymer with twe or three monomers, one of which is
an acryliv capable of engaging in crogdg-linking reactions. Melamine or
urethane orogalinkers can be used to form a polymer network.

Non agugouad dispergion (NAD) acrylic enamels ude regin disparsed,
rather than diggelved, in an grganic carrier. Thig allows higher solide
for a given application viscpaity than solution-type coatings.

Finally, acrylicg can be adapted to waterborne baking enamels.

& typical high-performance finiahing system {or commercial automobiles
Atarts with phodphate treatment, and ig followed by cathedic
alectroephorstic primar. The primer i2 then baked. The toptoat congigte

¥ Augtin, Avery J., N.F. Hayesz, and K. Navagaitiz, Improved Coating
Sygtam For High Strangth Steel Torsion Barg, 0.5, Army TACODM R & D
Centar, April 1981,
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of two layars: A pigmented acrylic/urethane eramel celer coat, and an
unpigmanted acrylic enamal clear coat. The clear coat protects the
undarlying pigmenta from gunlight and environmental chemicals.

A.5.5 Polvegtera. A polyester iz any polymar formed by condensattion
polymeprization of polyfunctional acids and alecohols. Ingefar as alkyd
reging consist of bifunctional acids and polyfunctienal alecohol®, they ars
polyesters in the gtrict technical #ende.

Polymer chemirt® use the term “polyester”™ to degcribe oil-free systems
in whiech the alcohol componentd., or acid compenent#, or both, have
unzaturation peintz so that linear chaing can be crogs-linked to form
reain systems. The crogg-linker may be a vinyl subgtance {i.e., gtyrene},
an idocyanate (urethane - polyester!. melamine, or a low molecular weight
EPOXY .

Folye2ter reding sarve the plasgtics indugtry ag a matrix material in
fiberglage reinforced compositesd. For surface ceatings, polyegters can be
effectively used ag powiers.
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8.8.8 Bilicones are beyed on the moleculsr structura shown in Figure
81, Silicone polymers can be cold-blended or chemirally combinad with
other resins to make coatinge with gpecial propertie2. Combinationz of
dilicone regin and baking-type alkyd are suitable binderz for white
snamalda for gurfaped subjected toc temperatures up to SOO0F (280C),
Silicone intermediates can chemically combine with alkyd and other resins
to improve their properties, particularly for high-temparature
applicatiens. Aluminum-pigmented., gilicone-modified enamels could be used
to advantage in partd of military vehicleds expoded to high temperatures,
i.#., gag turbine-powered main battle tank exhaust grillez.
Silicona-alkyd enamelz have been uged with gfuccess for finigshing ths
topeides of 2hipe, an application requiring resistance to ultraviolet
radiation, salt gpray, and temperatureg fluctuation.®

Fig. 61 SIL1COKE STRUCTURE

Straight gsilicone resins are uged mainly in apecial high temperature
applicationa. Such rezing, when aluminum pigmented, have baen usged on
gurfaces expozed to temperatureg on the ordar of 1000F (5380),

Siliwona compounds, added to paintd in small ampount®, improve flow
properties during application.

Binders, like ztrugtyral and adhesive polymers, have been made in
endlege variety. There ig much a chemist can de to "play around” with
varigus gystamg. Acoordingly, only a general outline can be given here.
The varioug coating refinsd digcuseed in the preceding paragraphs hepefully
will provide the engineer with an appreciation of the variety of organic
coatings at hig or her digpogal to protect metals from corrogion.

8.5 Mon - Traditional Coating Syatems. Organic ceating systems uging a
binder dissolved in an organic aclvent, to which pigmenta, driers, and
gther ingredients ars addad, are traditional coating systems. The problenm
with traditicnal coatings iz that they assume the umer iz at liberty to
use the atmesphere az a dumping ground for organic golvents which, once

£ A Guide te filicone Coatingsg for Metal Products, Metal
Finighing, June 1982, Fage 49.
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avaporated, serve ne further purpose, Today, there ara lawg in every
dtate raatricting volatlle organic componment (VOC! emiesions resulting
from durfaca coating operations.

Non - traditional ceoating gystema are thode that geek to eliminate (or
grueatly reduce) corganic golvents, to comply with air pollution
ragulationg. Theza systemsg include:

1. High Solids coatings
2. Waterborne coatings {inecluding slectrophoratic sygtemsa!)
3. Powder coatinga.

8.6.1 High Sclide Coatings =2esk to meet VOO regulationd by uzing no mare
organic eolventg than are zllipwed for a given type of coating.

Meeting VOO wegulationg via golwvent level reduction is difficult. If
tha legal limit on ¥OC'2 iz 2.8 Lb par gallon, the coating muet contain
62% Bolids. 4 3.5 Lb/gallon WOC limit mean® approximataly 50% solids. By
comparison, traditional coatinge contain 35 - 30% solids.

Binderza uged in coatinge are viscous, 1f not outright solid. The need
to reduce vigcomity 3¢ the ugder can apply a high guality coating, is the
reagon solvents were used at traditional Ievals in the first place.
Referring %o Figure 82r, the vigcomity of a polymer golution incraasss
with the percentage of gclidg and the molecular weight of the diesolved
solid polymer. Note that visposity preatly increases when going from 25
to B0X =clidg.

Generally. high solids conten!t may be attained by wging a low
molacular weight binder material, or by heating the coating material
bafore application to reduce wigcogity. The formar approach means
anhanced dependence on post-application polymerization to develop desired
film properties. The automotive industry ugesg in-line paint healars te
heat hLigh #olids acrylic enamelsg to 100 - 13QF {32 - 45(C) to lower the
vigeogity before apraying. Thid approach may not bte a good jdea for
two-component coatings, which may preomaturely reack in the zpraying
apparatud if heated.

In gpite of the technical difficulties invglved, coatings
manufacturers now formulate coatings with up to 60% gelids. The military
gpecification for 2-part polyuretbane coatings has been rewrittaen to
spacify reduced VOO formulationg. MIL-C-48168D, typee III and IV,
restrict ¥OC's to 3.5 lbs. per gallon (420 gramfliter).

Eome coating manufacturers and vgers have attempted to meet faderal
and state air quality requirements by uging non-photochemically reactive
dolvents. An example of such a se¢lvent iz 1,1,1 Trichilereethane. Thiz
golvent, however, id expendiva, and it ig possible that chlorinatad
golvanis may no% be parmittad in the future because of cther scological
effects. MIL-C-48168D, typa III, allows chlorinated “compliance’ solvent.
Type IV does not allow these solvents,

#  Paul, 3wara), Burface Coating: Scrence and Technolegy. Wiley-
Intergeience, New York, 198%, page 704,
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A subcategory ol the high-solids approach id radistion cursd coatings.

The idea here is2 to uge low molacular weight monomers or oligomers {low
mol. wt., polymer) that are ligquid at normal temperatures, and ars not too
vigooud, Thig eliminates the nead for dolvents Juring application. The
coating material iz applied %o the surface being coated, and irradiated
with uliraviglet radiation, The moleculeg then link together and form a
cured ceating film. Radiation curing guffers the digadvantage of
requiring ultraviolet access to all areag of the part being cgated. Alsgo,
the radiation has %o penetrata the entire thickneas of the coating.
Nonethelesa, radiation curing may well offer advantagesz apg VOO regulations
are progressively tightened,

B.§.12 Waterborne Coatings ude water az the gole thimnar, or the major
componant of an overall thinning gyotem containing some organic zalvent.
Waterborna systemg eliminate, or greably raduce, ¥OC emigdiona. The resgult
ig fresdom from air quality compliance hazslas, and reduced fire hazards.
There are two waysd a pigment/binder ®ystem can be thinned by water:
a8 a digpergion or ag a golution., A dispersion-type waterborne coating
pystem gonsists of very small particleg of resin and pigment digpersed in
water. The "latex” family of architectural paintz are digpergions. Early
latex paints were digpersions of styrene-butadiene polymer formed by
in-gitu potymerization of the monomers in water. Pigments were then
added, along with surfactants, thickeners, protective colleides, and
predarvatives. When applied to a surface, the water svaporates. The

o2



dtyrene-tutadiene particlez then coalesce, along with the pigment
particles, to form the paint film.

Today, latex paints ude other rezinz, notably vinyl acetate-baded
polymerz, and acrylic resina. The latter are used in the bezt latex
paintd. Latex systeme offer advantagee for architectural painting. They
do not emlt nexious vapors, nor create fire hazards. Water cleand up
accidental 2pills. An important advantage of disperziong ie that
vigcodity i# independent of the molecular weight of the disparsed resin
particlez. & disadvantage of dispergion-type waterborne cecatingd isz lack
of inherent freeza-thaw s2tability.

Selution-type waterborne coatinge use regins meodified tec make them
water soluble, Tha claggical technique ls te adduct a rezin with an
acldic molacule, or formulate a redin with acid groups (-COCH] in ita
satructure. The vegin 18 Aubdaguently reacted with ammonia or an amina to
form 4 water-goluble salt. The ammonia or amins evaporates when the paint
drieg. The depoaited regin may be a crogs-linking type which ig baked to
develop the deairad film propevtiss. Many systems of thiz type use watar
-miacible corganic liquide to act ag co-geolvents to reduce application
wigcogity. A coating aystem of thiz type iz actually a high-selids
organic-golvent coating formulated so ag to be watar-raducible. The
percentage of solida without the water determine2 whether the material
cobplies with applicabla state and fedaral VOO regulationz. A number of
resing can ba made water-goluble, including alkyde, acerylice. polyaztars,
and epoxies.

Early generation waterborng industrial coatinga suffered a number of
digadvantages, such as filazh rusting of ateel surfacez, limited atoraga
life, and reduced parformance compared with traditional coating materials,
Thege problemm have been reduced with third-and later-generation
waterborne coatings.

For military purpoges, perhaps# tha bLiggest problam is that water
reacts with free -RCQ groups. This means that polyurathane CARC coatings
cannot ba waterborne, unleas they are the "blocked™ type. The latter hava
to ba baked, and thig iz not convenient for armored vehicles with their
large thermal inertia. Thare are waterbornae epoxy primers fi.e.,
MIL-P-53030) which, though requiring organic co-golvent, mest VOO
regulations not more gstringent than 2.8 1b=. V0L per gallon.

A word iz in order about YOO limite. An air-drying coating i2 legally
defined ag regquiring temperaturas nc higher than 194F (80C) to develop the
dagirad film propertias. Ceatings requiring higher temperatures are
lagally defined as baking enamelg. The latter have lower legal VOU limitz
than the former. In Califernia, the lagal VOO lipits are 2.8 lb/gal (338
gram/liter) for air-drying ccatinga, and only 2.3 lbsgal (276 gram/liter}
for baking enamels. The latter maans 69% golids. Maating this ztringent
a VYOO limit ig problematical, unlass water or soma acceptable
non-photeochenically reactive zolvent can be uzed to thin the material %o a
reasonable application vigcomity.

B.6.3 Powder Coatings are 100X solid, Thede coatings have found an
ingreaging number of applicatiens in recent years because of federal and
2tate VOO regulakbions. Powder coabings have other advantages besidss VOO
compliance. Their non-use of solvents means one does not have to allow
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for solvent vapors when baking article to cure the coating. Powdarse,
unlike Bolvent-borne coatings, do not ganerate megay zluddes Lo cause
waste-dizposal probleme. Powder tranzier efficiency (percantage of
matarial that ends up en the article being coated) i# ag high az §5%,
Fowler that faild to reach itz target iz oftan rausgable. A variety of
itemg have been duccaszsfully powder coated, including the following:

o Condumer gooda {i.e., refrigerators, air conditionera, ete.)
-] Aluminum architectural items
Metal furniture

=]

In $he automotive industry, powder coating® can protect the following:

Cgil springe

Vheals

Underhood componsnts

Lhaszig compunents; i.a., axle casings

o Q90

Powdar coatings bhave been used as intermediate or “primer-aurfacer’
coats for zmall truckd and recreaticnal wehicles.# The powder iz applied
over a cathodic E-coat primer, Thig provides a smooth =urface for the
final topeoat, which ig & high-golids acrylic snamel.

Clear and pigmented powder coatings can protect aluminum wheelz. The
uger may color-match pigmented powders to the vehicle they are ingtalled
on.

If powder coatings are to be uded for topeoating military wehicles,
they will have to meet .CARC requiremant=. If guch a powder is po==zible,
it could be uged to advantage on a number of vehicle components.
Factoriew applying powder coatings weuld be free from sfclveni problems,
and aldo would net have to worry about the vidgcozity problems of
high-solid® zolvent-borne ecoatingg. A powerful advantage iy that powder
¢oatings, in many cases, do not regquire a primer,

Digadvantages o! powdar ceoatinge are as foliows: Firat, they have ta
be baked at tewperatures vanging from 250 to 350F»w (121 {o 177C). Thiz
would be a problem for armored vehicleg, or for materials not able 4o
withstand the temperature. BSecond, if powdar ig applied by #lactroghatic
gpray, there may ba a problem with sharp internal cornersz baczusze of
"Fapaday cage’ ohielding effects.

Fowder coating materiale are thermoplastiic or thermozetting. The
former include plastic materials such ag pelyethylene, polypropylene,
n¥lon, and polyvinylehloride. Thermoplastic powder coatings do not
compate with ligquid coatings. Thay ara uged in applicatienz reguiring a
thick layer, i.e., 9 to 40 mila. (0.127 te 1.016 mml.

® Metal Finighing, Fabruary 1387,
ER The coatings application engineer may use higher temperatures to
shorten baking time.
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Thermonetting powders are the matariald vaed in applicationsg Auch as thosge
deacribed above, The following razinz are used in thermosetting powders:

o Epoxy
] Tharmc#atting polyezters:
-urethane - polyedtar
-triglyoidyl igocyanurate (TGIC) -~ polyester
-gpoxy - polyester hybrid
o Acrylic
-usually urethana-linked.

Epoxy powderz are the workhorea of the powder coating industry. They
offer good adkesion and correcsicn protagtion, Unfortunataly apoxy powder
coatings, like other apoxy materialsz, cannot withetand ultraviolet
radiation. Tharefore, they are not recommendad for exterior topecatings.

Thermodetting acrylic powdere have bean used in applicationa that
previcusly uged liguid acrylics, Acrylic powders have been uged as
autemetive topeoakez in Japan.

One can uge thermosetting polyaster powders to powdar-coat aluminum
wheel®. ¥ "The meat succezsful polyegter for this purpoge ig cured with a
cyclicized idocyanate called triglyecidyl laccysnurate, or TGIT.
TEIC-polyedter is alzo the powler matarial of choice for architactural
purposed, a# it can withetand external exposure very well,

Fluidized beds and electireostatic gpray guna are the meat common
metheds of applying powder coatings, The former lands itgelf to automated
production-line cocating (2aa Figure 53#%], while the latter approach iz
beat for large items.

8.7 Electrodeposited Polymer Coatinga. If 2-component, aliphatic
polyurethanes are the king of topcoat materials, then medern
alectrodepogited f{a.k.a. alectrophoretic, E-coat, Elpe) coatingem can lay
elaiw to the game status among primerd. The E-coat process can apply
1-coat finighes which are sufficient for some applications, but ig most
famouz ag & method for applying primer coatings to motor vehicle bodies.

Electrodepegition iz a dip, or immersien procesd, wheraby the object
being coated iz immereed in a liquid medium. The process resembles
electroplating, in that a current of electricity dapesits coating material
from the medive onto tha gurface of the object. The surface need not
neceggarily be metal, but it nust conduct electricity for the process to
work.

Unlika nickel, chromium, and othar metals. electrodepesited polymera
do not conduet eleciricity. Accordingly, E-coat is a salf-limiting

¥ Wedmgon, J., Colorful Future For Aluminum Wheele, page 34, Products
Finighing, December 1985,

*E Jger's Guide to Powder Cnating, Adgociation for Finlehing Proceggex
of the Scciety of Manufacturing Engineereg, Dearborn, MI, 1885, page
BT1.
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process. Once a film forme to a certain thickness, 1tz inaulating naturs
curtails further growth. As a result, E-coat primerd? geek out all areas
of an item, including nooks, crevices, and boxed-in areas that spray-type
pPrimers often mias.

E-coat materials are solution-type waterborne polymers, using gome
prganic golvent. They comply with all YOO regulation2, and do neot create
fire hazards. Other advantages include:

o Efficient utilization of materials

¢ Applicability to automated production lines

o Rapid depogition of material, gimultanaously over the entire
surface beiny coated. Filmg depogited in 1 to 2 minuteg,

o Uniform build, with no rung, gags, or baads,

o Any conductive obiect that will fi% Inte a given tank can be
coated,

The firat electrodeposited polymere wame anodic, whereby an automobile
body or other item was made the anode in an electrochemical call
congisting of it, a cathode, and the coating medium {see Fig. Gial.

Taday., the aublomotive indudtry useg cathoedic E-coat primerg, which depogit
an the cathode (dae fig. 84b), {Cathodic materials have proven auperior to
anodic materials in corrogion protection. The reason anodic E-coat
primers were used in the firgt place was because they ara a logical
extongion of claszical water-soluble resin technolody.

Recall that if a polymer hag corganic acid {(CODH! groups hanging onto
it=s structure, theze groups will combine with ammeonia or aminss to form a
water-golublie galt. When a polymeric subztance of the typs R-COOH is
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dispersed in water made alkaline with ammonia (KHz) or an aming
(NR"Hz}, this i# what bappensa:

R-COQH + HH;, NR'H: tag) ----- > RCOO* + NH.*, HR'Hy* {aq).
The polymeric macrec-iong, RCOO-. behave like any other negatively charged
ion or particls, migrating toward the anode in an electrochemical cell.
When they reach tha anoda, tha HCOQQ- ione participate in these reacticona:
HzQ -—--3 1720z + 2H* + Ze~
RCQQ- + H* ----3 R-COOH
The macroiona, thusg neutralized. coagulate and form the ccating. This iz

the process first uged in the early 1980'=z by the Ford Motor Company when

they pioneered electrophoretic primer deposition for motor védhicla bodies.
Cther manufacturerz alzo adopted thie proceszsz.
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Early anodic E-coat materials demonsgtratad the ability of
alactrophoraair to drive the polymer inte oracke and crevices.
Oniortunately, the aarly materialg were not all that good. What waz
accomplished was superior application and utilization of mediocrsa
matarialz. Chemists later developad better materiald, and
alectrodepozition of polymerd found increaged application and dales volume
during the 1660's, Later-generation ancdic E-coats ware better than the
first guch materials.

Onfortunately, all anodic E-coat materiale suffer from baalc
limitationg. Anytipe one makez a metal object the anode in an
electrochemical call, pome metal id going to be diggolved. The metal iond
area then incorporated into the ceating film a2 oxideg., or as compounds
with the polymer. Also, the polymer R-COOH tende tu be acidic, and this
i9 not geoed for corredion rezistance.

Accordingly, R & D organizationg sought methoda of modifying polymerw
to form positive macroions in aquecus gclution, so the item being coated
could be made the cathode instead of the ancde. The clagzical techniqua
for acconplighing this ig %o graft an amine—type molecule onto the polyman
gtructure, forming a macro-amine with the general formula RiRaRal
{gae 1ig. 65)., When dispersed in water whose Ph is adjuated %o the acid
gide (lass than 7}, the polymer formg positive macroions:

E:BzRaXN + HY fag.] ----7 RiRzRaWH™ + T~,

where HX ig an organic acid, i.e., acetic (gee Fig. G6).

Whan the objegt to be coated i2 immereed in the medium and made the
cathode, the polymer ions deift toward it, are neybtralized, and form the
film.

In cathodic E-goat sydgtems, the item being cocated {8 net attacked by
the solution becauEs it ig held at a negative potantial -- it ig
cathodically protected. Advantages of cathpdic E-ceating over
corregponding anodic processas are az follows:

Mo bara metal atback

Phosphate coatings not digsolved

No metallic salts in deposited films
Improved corrodion protectien.

o O O 0

The last advantage iz because the polymer itself is alkalina rather
than acid, and therefore gerves ax a corrogicon inhibitor.

Development of polymers suitable for cathedic elecirodeposition was
difficult. Early materials had peor throwing power. These problems wers
golved, and teday's cathodic E-coat technolody offers the aforementioned
advantages over ancdic electrodapogition plus the advantages of E-coat in
general. A&ll automotive manufacturers now uze cathodic E-ceat for
applying primer coatingg to mobtor vehicle hodies,

At pregent, two resgins have been developed for cathodic E-coat
systems: epoxies, and acrylics. The former are superior ag pripers,
offering botter corrodion protection than acryliceg. The latter have
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superior ultraviclet and weathering resistance, and ara thersfore usad a4
topooats,

The latest developmsnt 12 “high build® cathodic E-coat formulations.
Thege develop coating filme approwimately 3 microns (1.2 milg.) thick.
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rather than the 15 microna (0.8 mile.) characteriptic of the firat
cathodic E-ppat materialg.¥

Electrodepoaited polymers have to be baked, because they rely on
crogg-linking to devalop their properties. Anecdie resinsg employ
melaming-basad crogd-linkers, while cathedic raginz uze a biocked
ispcyanate [urethane) croszg-linking mechanidm, When baked, the iSocyanate
unblocks, crogs-linking the regin toe form a network polymer.

E-ccat matarials can be plgmented. Epoxy materials are usually black,
gray., or brown. Acrylic® ¢an be pigmanted 2o ag to provide a varieiy of
colops,

To provide the roader with a fesl for the characteristics of a typical
cathodic E-geat epoxy primer, data sheetr from one of the leading
guppliery are provided in Figures 67 through B89,

Digadvantageg of E-Coalt Syatema. While cathodic electirodepozition has
much to offer, it alsoc has digadvantages, which may be summarized az
follows:

High capital cost

Limited film thickness

Limited to conductive objects
Not eagy to change celers

¥3C© not zero

Deposited film2 require baking

o o a9 9o

The high capital cogt ariges from the large tanksg and complicated
gystems required. Cathodle E-voating reguires careful control of bath
chemigiry,. and gophisticated ultrafiltration systems to achleve the high
materialp utilization efficiency theoretically poseible with this eystep.
Accordingly, E-coat systeme are econohmirally justified only where there is
a large number of items to be ceoated. In compengation, E-coat gysiens
are not gengitive to changeg in item shape or configuration. Provided the
tank i# big enough, ona can uge the gystem for “jeeps” or 5 ton trucks.

Limited film thicknesz arigey from the zelf-limiting nature of polymer
electrodeposition. Today's high-build E-ccat primere depozit 1.7 mile.
(33 microng). This enables autometive manufacturers to eliminate the
gurfacer coat from body finishing cperations.

Nonethelegs, electrodepogition ig pretty much limited to about 1.5
milg. Thig iz one reason why spraving ls employed for the basecoat and
clearccat layers of high-performance finishing #ystema, after
alectrodepogition has applied the primaer.

The regquirement for electrical conductivitiy meanz non-metallic (i.a.,
plagtics, fiber-reinforced compositer) items= canmot be painted by
alectrodoapozition, unlegs the surfzee ig made conductive,

* Loop, Federich M., High Fiim Build Cathedic Electrodeposition Provides
Inproyed Corrosion Protecticn. SAR paper 831813, in SAE Spacial
Publication P-136, page 35.
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APPLICATION DATA

MATERIAL NAME: POWERCRON® &00

SUPPLY CODE: P600-611

DESCRIPTION: . Gray Cationic Epoxy Elecctrocoat
SUBSTRATES : Properly Cleaned and Treated Cold

Rolled, and Hot Rolled and Stainless
Steel: Galvanized and Zinc-alloy
Coated Steel; Aluminum, Magnesium,
and Zinc Die-cascing.

FRETREATMENT : Yariocus
COLOR : Light Gray
GLOSS: Medium
FILM THICKNESS: 0.% - 1.5 MHil
HARDNESS: 2H Minimum
COATING VOLTAGE: 150 - 400 Volta
ELECTRICAL EFFICIENCY: 2.0 - 2.5 ﬁﬂﬁflPet Ft.* Per Minute Per
BAKE CYCLE: 20 Minutes at 350° F Metal Temperature
VoG : 1.1 Pounde Per Gallon Minue Water
{131 Grams Per Licer)
COVERAGE ; 529 Ft.*® Per Gallon of Feed
HEAVY METAL CONTENT: None

Fig. 67. A TYPICAL CATHODIC E-COAT MATERIAL
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OPERATING PARAMETERS
GRAY POWERCRON® 500 P600-611

SOLIDS: 10.0 - 20.0 £ 1% {105° c)
P/B RATIO: 0.30 2 0.05 (Correctien Factor
= 1.00)

pH: .15 + .15
CONDUCTIVITY 1000 - 16400 = 100 Microhos
SOLVENT: TOTAL: 1.0 - 3.0%

" BUTYL CELLOSOLVE: ¢.8 - 2.0%

DOWANOL PFH: 0.2 - 1.0%

BATH TEMFERATURE: 70 - 100 F & 2= F
ANOLYTE CONDUCTIVITY: 300 - 2000 + 100 Micromhos
DEIONIZED WATER CONDUCTIVITY: 10 Micromhos Maximum
FPRE-RINSE COHNDUCTIVITY: 50 Micromhos Maximum

Note: Bath Selids, Conductivity, Solvent and Temperature
Parameters are Set According to Film Thickness and
Throwpower Requirements.

Fig. 68. A Typical Cathodic E-Coat Material
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CHEMICAL AMALYE13
GRAY POWERCRON® 603

paal-511

PAINT FPERMEATE AHOLYTE
pH 6.9 - 6.3 5.5 = 6.0 2.5 - /5
ODUCTIVITY 1300-164 wohos AA-1206 mhos 3¢0-288 umhos
SOLIDS 14 -28 % 8.2 - 8.4 & 06 - 1890 PPM
RESIN 1 =154 9.2 - B4 % 250 - 750 PPpM
PIGHENT 2 254 50 ~ FEE pPM 19 - 28 pey
soLvENT 3 1.5« 2.5 % 8.5 - 1.5 % B.65 - 2.1 1
soLUBILIZER 4 #.2-0.5% #.1-9.21% #.2 ~ 8.5 1
WATER B8 - BS % 90 - 89 4 93.0 ~ 99.5 %
CHROME Hona Hone: Hona
LEMND [ Mone Hone
PHRENCL. 5.0 - 10.d PEN 1.8 = 5.9 PEN 8.1 - L.B PPM
BQD/AC00 302, 008-508, 400 PEM 14, 080-5¢,008 PPH S.006-10, 230 PoM
1 Modifiei Epoxy/Polyurethans
2 Alpminum 8iljcare, Carbon Black, Titaznium dicxide
k| Glycol Ethars
4 Lackic Acid

Figure §9 & Typical Cathodis E-Coat Material
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When uging E-coat for the final finigh, it iz not eagy to change
colorz becauze of the large inventory af material in the tank and
agsociated piping.

VOC emizgions are low. However they are not zero, bacause E-coat
formulationg use zome organic components {(about 1.2 lbr/gallon, or 144
gram/litar) as cogolvents.

The need for baking is partly compenszated by the fact that
electrodeposited films have low maisture levels due to a phenamenon called
algotro-oymosid. This means that one does not axpend much energy
vaporizing water and cosolvent. HNonethele=s, items with large thermal
inertia [(i.e., a main battle tank) will require a lot of energy to heat to
baking temperature, which iz 250F {1¥7C) for a typical cathedic spoxy
electroosat primer.

4z with any eoating procage, the engineer can help electrophoretic
priming te de itz job better by degigning atructures fo ag to accommodate
the procesg. Access heles will allow the primer to find its way into
boxed-in areas. Becauge the part or dtructure is immersed into a bath,
care should be ¥aken to prevent entrapped air bubbles from interfering
with the depcgition process. '

Cathodic E-coat ag a Final Finighing Processe.* If the finighing
requirement for an item can be datigfiad by an organie film whoze total
thicknesa iz 1.4 mils. {35 wmicrong), the engineer might want to congider
cathodic acrylic E-coat. An example i3 truck refrigeration unite
(Products Finighing, November 18986, page 541. Tha units regelve a zing
phosphate pretreatment, followed by 1.3 mils. of white acrylic E-coat
enamel. The enamel iz baked for 30 minutes at 350F. The result iz a high
guality finish whoze ultraviclet resiztance ig excellent, and whoge zalt
apray resiztance is adequate for that applicaticn. It 1= doubtful such a
procadure would be adequate for military vehicles, which operate in
hargher anvironmeni® and are required to have a topooat meating CART
gstandards.

8.8 Autephopetic Depogition--The Next Wave?#w Just asg thers is
“electrolegg” nickel, thevs ig likewige an “electroless’ polymer
depozition procesz. Like ancdic and cathoedic E-goat, autodepogition is a
waterborne, dip-type process. At the time this was written, auviephoretic
depozition works only with ferrous metals.

The chemigtry of autodepozition (AR) repregsents a fusion of
phozphating/chromating, and latex paint technology. In fact, the
corporation that commerclalized thigz process, Amchem Productz, Inc., ig a
leading manufacturer of metal pretreatment syzstems. The pelyper material
iz disposed as a latex-type disperzioen, along with pigmentsg, in water
coentaining hydrofluoric acid and hydrogen peroxide. The acid and oxidizaer

* Jozwaik, E.L., Cationie Acrylicg: Flectrodepogition's Topeoats., SAE
paper A6IG15, in FAE page 1HE.

e Holyk, Fester M. and Thomasg €. Jonas, Autodeposition of Organie
Filmg--Some Unique Applications.. SAE paper 6862020, in SAE Special
Publiecation P-188,
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etch the zurfaca in a manner simjlar to what bhappena in a phosphate or
ehromate pretreatment. Pensuse autodeposition depend2 on thig etching
getion, itemsa to be coated are not phosphatagd beforehand, ag they are with
other organic coatings (including electrodepozition},

Tha fertic iond formad by thia controlled attack, react with tha
nearby latex particles and cause the latter to depceit on the zurface.
The film forme in ! to 2 minutez, and ig from €.3 to 1.0 mile. thick.
'Autedepogition was introduced in 1975, and has prograssed to Generationa
I and II]. Tho#e generation# are, redpactively, acrylic resin and
pelyvinylidene chleride. The latter hag axcellent resistance to molsture
permpation; latex paint formulators have baan "rediscovering” this polymar
for use in high performance systems. A disadvantage ¢f polyvinvlidane
chloride i® limited high temperatura tclerance.

A2 of thip writing, black i2 the ¢nly coler available in AD systems.

Autodepodition offerd a numbar of advantages:

¢ MNo alactirie gpower required
¢ Righ throwing power
#  Fe VOO

The moet =2ignificant advantage of AD ia itg #uperior throwing power.
Electrodepoaition effers good, but not unilimited, throwing powar, because
of Faraday cage effectz. AD has shown ita ability to coat the {nsidez of
closed structural gectiong, and to dapogit uniform filmd on complex and
intricate parts.

AD does not use organic co-solventa, Becayse it 15 barad on latex
technology, rather than water-solubla rezine. This eliminates VOO
emission problams that, in the future, could ariee with water-reducible
coatings that uge organic polvents to aid polymer solvation.

The filme depozited by AD offer 168 to 338 hours zalt spray
registance. The goating systems enginepr may dpecify a topeoat for
additional protection.

Application®. Autodepeozition hag beésn used teo ceoat automptive
componenta, such as guzdpenzicn arms based on hollew gections, jack
agzenblies, and belt pulleyz. One manufaciursr ha# uzed AD to treat
compact car frames.»

8.9 Special Coating for Fasteners.

Why bpecial fastener coating are necessaby. & threaded fastener cannot
ba protacted by a coabing system such ag G-90 thickness galvanizing,
followed by 0.8 - 1.3 mila. of cathodic E-coat, followad by ancother 1.8
mila. of CARC, BSuch a thiok coating gystem would interfere with thraads,

* Motal Finishing, Qoctober 1883, page TT.
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Accordingly, fagteners in corrocdive envirenments require high-performance
cpatings capabla of providing adequate protaction with no more than 0.8 to
1.3 mileg, tokal thickness.

8.¢.1 Cadmium Coabings. Fastaners have traditicnally been electroplated
with cadmium for correzion protection., Cadmium offerg the following
advantages over zinc for fagteners:

o Itg corrodion preducts are lesd voluminouz than thoae of zinec

¢ Cadmium hag a low coefficient of friction, which ia dedirable
in a threaded fagtenar coating.

¢ Cadmium offers superior corrogion redistance in humid and marine
anvirenmentg (2inc, however, ig superlor in indugtrial
envirenmenta) .

Electrodepogited cadmium if specified under QQ-P-418E. which calla out
thicknesge, sdupplemantary chromate and phogphate conversion ceatingz, and
peEt-plating baking to relieve hydrogen embrittlement. QQ-P-418, type II,
claps 3 calls out 0¢.0002 inches (minimum! thicknesa, with supplementary
chromate treatment. This coating gpecification hag bheen uded for gmall
fadteners,

Eigh gtrength steels sutfer hydroden embritilement when electroplated.
QQ-P-416 callg for 3TS5+/-15% degrees F pogti-plating baking to relieve
hydrogen embrittlement, for parte whoze hardness exceeds Reo-40. The
baking must be done ag scon ad poggible after plating, and ghould last
long enoudh (at least several hourg) to assure that the hydrogen will be
redigtributed* to the extent neadead to reduce embrittlement. For very
high gtrength fadtenerg or others parts, it iz begt to ude
non-alectrolytic procesges such as peen-plating., or vacuum-depozited
cadmium.

Cadmium hag several digadvantages as a protective ccating feor
fagsteners. It ig more expensive than zinc, meltz at a relatively low
teamperatura (320.9C -vg- 419.5C feor zinel, and is prone to attack by
organic vapord. The sclutions ugZed in rcadmium electroplating create toxic
wagbte dispogal problema. One must not employ cadwium on components
expoged to vacuum or high temperatures. Cadmium must not be applied to
any titanium compenent, hor on any componrent that comes into contact with
titanium,

For gmall fastenerz cadmium plating, with geod gquality control
{particularly redarding adequate minimum thickneds), i3 advantageous.
Cadmium plating on rivets hag proven it ability to reduce galvanic

x Kz does not readily diffuse out of a part, because the cadmium
acts ag a barrier.
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corrodion of aluminum shaeat, which otherwlise occurd with uncoated ateal
fagtanare.

8,9.2 Ceramic-Metallic Coatings. This family of coating systems is
commarcially available. One oorporvation markets thege products under the
trade names Sermaguard and Sermatel. (R)ww Ceramic-metallic coatinga
congigt of aluminum particlas, pluad phoaphates and chromateg in a
water-tbazed zlurry. When the slurry iz applied to a surfage and baked,
the cured coating film coneiste of aluminum pigment in a ceranic matpix.
The aluminum particles add atrength to the film, and alzc offer
dacrificial protection to giee]l articlaes.

Cerapic-metallic fastensar ceatings are applied to fazpteners by
dip-dpinning. Thig process can traat large numbers of fagheners
dimul tanscugly, thus reducing applications costs relative to coating sach
part gaparately. The coating must bea cured at approximately 300C (BYIF).
The curad cozting does not vonduct alectricity, degpite the aluminum
pigmantation, unless buppished (lightly abraded) with alumina grit. The
dip-spinfcure cycle, repeated twice, produces coatings up to 20 microns,
or (.8 mile., thick. A fagstener cocatad with 0.8 mila. of ceramic-metallic
coating can withatand 400 hours of malt epray per ASTM BI1T. The coating
possesses a torque coefficient of 0.45 - .55, & wax coating applied aftar
curing and burnighing will reduce the torgue coefficient to 0,12 -
O.15. %

The deaign engineer nmuzt remembsr that ceramic-metallio Jastener
coatings are not identical to the ceramic-matallic coatings applied to gas
turbine bladags.

8.9.3 Fluorocarbon Coatings.#¥¢¥  "Fastener - Clazs” fluorocarbon
coatinga offar savaral advantages. Thay offer geod lubrieity, enabling
tha fastanar angineer to eagily calculate the torgque necesgary for a given
bolt tensicn., Unlike electroplated cadmium, fluerocarbon coatinga applied
by the dip-spin precesg de not create environmental problems, nor do they
cauge hydrogen embrittlement of high strength beltz, Flusrocarbon-type
cpatinge can be applied over a zinc phoaphate bage, or over
cevamle-metallic geatings, or over a zninc-rich primenr.

A high-parformance Serpaguard-itype coating systiem [or faeteners
congisty of 3 twp coat ceramic/metallic hase, and a fluorocarbon -

% Howard, R. M., and 3.F. Bunday, The Corrogion Performance of Steal
Self-Piercing Rivets When Used With Aluminum Componente. SAE
Raport #831816, in SAE Spacial Publication P-138,

L Registered Tradenamee of products marketed by Sermatech
international, Ine.
EhE Mpsger, Mark F. and B.G. McMordie, Eyaluation of Aluminum/Ceramic

Coatings on Fagteners to Eliminate Galvanic Torreosion. ESAE Paper
#860L112, in SAE Spacial Publication SP-549.

Y Willis, David P.. Jr.. Engineered Coatings for Fastener®, Page 412,
May 1987, Proeducts Finishing.
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medified wilicone topcoat. Thiz gystem. with a total thickness of 1.3
milg., provides approximately 1000 hours salt gpray resistance. Thiz
meang adequate protection from atmospheric corroaion for the fagtener. In
addition., the parts being joined, if made from aluminum, are insulated
Irom the galvanlc correslve influance ¢f the fastensr material.

Caramic—metallic bage fastener gyztemg, topped off by the
fluocrocarbon-modified allicons topcoat, meet the requirvements of Ganeral
Motors ppecification GM 6164 M, Chryeler gpecification PS5 - 8058, and Ford
gpecifigation EST - M21P9.

8.9.4 Phosphata/Dil Coatings.» Z2inc phosphate may Zerve az a bazge for
fagtener-class flucrccarben coatingsg, In this casgse, $he phozphate ig of
the microcrystalline type, with a coating welight of 200-300 mg. per square
toot.

Phosphatesoil coating systams congist of a heavy zinc phosphate layar
impregnated with a polymeric oll emulgion. The oil emulgion containg a
proprietary polvmer which filles the network.created by the phogphate
coating. This proceds provides at leagt 168 hours of salt apray
registance, a# reguired by General Motors Specification GM £§03% M. In one
tegt of a phogphateloil system, a number of parts showed 0.1 percent ruszt
after 400 hourz =malt spray.

For military vehicles, it ig doubtfiul that phosphate/oil ceatings
would ba adaquate for fastenerd exposed 4o geverely corrogive ceonditions.
Since the Environmental Frotection Agency (EFA) frown® on cadmium, the
best bet for strustural fasteners exposed to gevere conditiong iz
ceramic-metallic coating with f{luorocarbonfsgilicone topecoat. If s
faztener is not expesgsed to highly corrogive conditions, a good
phogphatespolymeric oil system may be acceptable,

Other fagtener coatingz include nickel plating (for brass fagtenersz)
and ion vapoer depesited aluminum. Electrophoretic epoxy coatings are
another coating option for fastenera, if the proceas does net introduce
hydrogen embrittlamant. High-strength fazteners may be 2lactroplated with
a low embrittlement, cadmium-titanium procese in accordance with
MIL-STD-15G0.

.10 Temperary and Supplementary Corrosion - Prevenbive Agentz. A number
of oils, greagey. Zclvent-thinned compounds, and petroalatum-typa materials
have been deviged ac temporary cerrcgion-preventive ceatings or
Freservatives.

The Departmant of Defense and its varied branchez have izsued numerpus
specificationg to gdovern procurement of corrogicn-preventive agents for
aircraft engineg, fond handling equipment, machina components, zmall arme,
artillery, ordnance items {i.e.. mechanical time fusgez), and ¢ forth.

* Willig, David P. Jr., Op Cit. See also Robartz, J., Mesting
AME035M, Produsts Finiszhing, May 1987., and Smith, Neel &.,
Advancements in Phogphats and il Coatings, SAE Paper B31B836, in
BAE 5F-136.
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Many of theae are idantical to lubricating cilz and greapes, except for
addition of corroelen iphibitors. Some are film-{formers, leaving bahind
filme of a gpecified hardneszs and thicknesa which act as barriers againgt
corrofive environmente. Film-forming agentg include petrolatum, waxes,
and asphaltic Aolids. Thame materials may be cutbask (thinned) with
sclvents for asage of application.

Filme formed by temporary protective agents typically are softer than
the crgaric coatinge that have been dipcussed up %2 thig point. The idea
ig to form a {lexible barrlier that will not flake off, and will protect
metal zsurfaceg from corvogion for a raagonable time. Cne can remove thega
coatingg by golvent® or steam cleaning. when an item id to be put to u=a,

Temporary coatings based on plastica or rubber are dedigned so that,
when they are no longer needed, the ugser can peel them off.

gils may contain water digplacing or fingerprint removing compounds.
Theaa oil® are intended o protect itame from corrodives characteriatic of
fingerprint oils., and otharwige to protect metal suriaces for limited
periods of time,

Some of tha wmany military specifications for temperary and
dupplementary cerrosion-preventive agentd are given below,

a.16.1 MIL-C-11738C (forrasjion-Preventive Compounds, Petrolatum, Hot
Application} callg out a group of materials meeting the raguirements of
MIL-P-116H (Preservation, Mathode of). There are four materials called
put under MIL-C-11796: Classeg 1, 1A, 2, and 3. Clagges 1 and 1A are
regular and non-glick {i.e., will pot leave an oil #lick on salt water),
hard-{film materialg intended for protection of gun tubeg and aimilar items
atored cutdoorz. Claggez 1 and 1A withgtand cutdoor expofure, and are
alaoc uzaful for protecting itemy with highly fipighed Surfaces when stored
indoore. Clags 2 ig a medlum-hardness material {for pregervation of items
gtored ocutdoorg in moderate glimates (temperaturs at metal surface not to
excond 145F), It ig aleo Intended for packaging of automotive parts undar
condition® when the Clasz J material is too =q0ft. Class 3 ig intendad for
pregervation of beavings and other items requiring ease of applicatien and
removal at normal tamperatures.

All matarials under MIL-C-11T96C are applied by dipping or spraving.
Claag J is8 brushable at room temperaturaes. Application bLemperatures for
gpray ¢r dip range from 150F for clasz 3 to 220F for class .

8.10.2 MIL-C-40084B calls for a water-emulsifiable, oil-type corroaion
preventive compound. It congzistz of mineral cil with corrozion
inhibitors, This material eliminates fire hazards asszeciated with
solvent-thinned corrogion-preventive agents. It forms a soft, thin film,
cffering begt reaultz when applied to zing-phosphated aurfaces. The uger
may apply this material by dipping. spraying. or brushing.

B.10.3 MIL-C-[5074D calls for a corrozion-preventive [ingerprint ramover
congigting of solventz and inhibitora. It iz intended for removing
tingerprint radiduag and guppression of corrosion cauzed by dame.
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9.10.4 VV-L-800C calls for a general purposze, water digplacing,
preservative lubricating oil. This material iz intended for lubrication
and protectien againgt corrodion of small arma, automatic weapona, and
other items that reguire a general-purpoge, water displacing, low
temperature predfervative gil.

B.1¢.5% MIL-C-16173D ecalls osut a group of five cold-application, #olwvant
cutback cerroEion praventive compoundsa, Grades 1 through 5. Grade 1 ji= a
hard filim (175F minimum flow point) material, Grade 2 i3 a #oft film
material, Grade 3 iz a peft film, water-displacing cempound, Grade 4
produces a iransparent, non-tacky film and Grade 5 =2pecifies a material do
formulated as to be removable with low pressure steam. Application is by
brughing. dipping, or spraying at normal room temperatures. The use of
opganie gsolvent for thinning is disadvantageosus from the standpsint of air
guality and !ire hazards.

6.10.68 MIL-L-214986QL iz a pregervative and break-1n cil for internal
combuation engines, available as EAE IOW, I0W, and 500 (KATO codes C-64Q,
0-642, C-644). Use of this pregervative o0il ig called for in varicus
procedures {i.e., MIL-C-I0082E}) for preparing engines for storage and
ghipment to prevent internal corrosion.

B.iG. 7T MKIL-F-46003E is a preservative oil formulated with 2 velatile
corroglon inhibitor, intended for protaction of closed sygtemy.

g.10.8 MIL-G-105924]D (Greage, Automotive and Artillery) i3 a
long-standing military spacification for a multipurpose graage, intanded
for lubrication and suriace corrosion protection of automotive and
art:llery equipment. It corregponds to Hational Lubricating Grease
Ingtityte Neo. 2 consistency, and is vsgable in appiicaltions requiring a
dreate of that censistency with rusti-preventive properties.

d.11 Automotive REustproofing Adents. Automotive rustprocfing agents
are applied to gheet metal and structural members of already-aggsembled
vehicles for supplementary corresian prozection. They are related to
petrolatunms and golvent-cutback corsosion preventive compounds such as
those described abovs.

A corroglien-:nhibiting material intended for post-assembly application
should be formulated s¢ a5 to be applicable by gpraying. It should
penetrates into erevicez where corrozion often atarta, provide uniform
coverage, and develop a fiim which remains slightly "tacky ., =0 asg not to
flaxe away from the sgurface being protected. The protective film should
Temain fiexible, neither becoming brittle nor excecsively goft, over the
range of temperatures anticipated with peasonable certajnty for the
vehicle to be protected. & properly formulated rustproofing material
adherez to metals and digplaces moighure from ths surface.
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The current military gpecification for automotive rusatproofing
compoundd ig MIL-{-82218A, which calle put two sclvent-disgparsed,
corresicn-pravantive compounds. Type I i3 for new motor vehiclez and
trailerd, while type II iz for fielded equipmant

MIL-C-82218A doeg not 2pecify an exact materizl, saving only that it
shall be a nonvelatile base material digper2ed in & patroleum solvent.
Tha latter mugt be free of benzene and halogenatad hydrocarbons.

Whan aprayaed on a vertical zurface, Type I must form a dry film not
legs than 8 mile., and muat not sag when wet. Type [I must form a film
B+/-2 mild. thick, and, like Type I, must not sag. Whan testad in
accordance with gpecifiad procaedureg, both types muat axhibit ¢.25 inches
(.39 mm) or more of creep. Typa II must be able to creep when tedted on
mildly corroded test panels.

The cowmpound, whether type I or II, muet not be worrosive to copper.
Alge, whila charring ig acceptable, it musat be self-extinguiashing 15
gaconds after remeval from a flame source,

Tha material mugt he applicable by spraying at temperaturey bebwesen 40
and 100F (5 to 3TC). When dry, the coabting film must be flexible down to
-20F (-268.920), and mugt not gag when exposed to temperatures up to 3J00F
(148C). The ceating must inhibit corrozion of tesat panels aubjected to
2alt fog atposphares. Type I] musgt inhibit further corresion when applied
to pre-corroded tegt panelz. Typag I and Il oust alas inhibit corrogion
of panale immerged in galt water, and when tesgt panele are exposed to
gyclic snvivonmantal conditionsz.

Ingrediants in commercial rustproofing agentsz vary, and tend Lo be
proprietary. A typical rugtproofing agent consists of mineral oil,
patrolatum, alkyl dtearate, aluminum gtearate, and fatty material cut bagk
with a mineral golvent, Commercial rustprogfers apply thig material by
gpraying, uging licensed application teole and methods.

For military vehicles, MIL-R-46164C calls out application toolz and
procedures for applying rudtprocfing materials.

Temporary and supplementary corrogion-praventive agents are not a
replacement for good degign practices, galvanizing., and well-engineered
organic protection systems. They do have their place in mpanagement of
Army materisl. Golvent-removablae, corrogion-inhibiting materialg can
prevent detaricration of otherwize wvulnerable items dtored in warehouses
or cutdoora, or during btransportation. A field or depot commander might
want to uge rustproofing mervices to halt coprogion in vehicles alraady
fielded, for supplementary ¢orrosion protecticon in severe environments, or
to protect equipment not originally designed with corrodion preventien in
mind.

In 1981, the U.5. Army Tank-Automotive Command announced a new polioy
with regard to procurament of future tagtlcal vehicleg. The policy
atatad, in effect, that guch vehicles were to be inherently rust f{ree for
total gervice life ranging from 15 to 25 years. The dpecific requirement
is that guch vehicles, by a combipatisn of design techniques, materials
gelaction, and manufacturing procedures ghall prevent or minimize
corrogison 20 that perforation of metallic area’ requiring replacement of
parts shall neot gecur.

The primary reason for thig naw policy ig related te the difficulties
encounterad in achieving a gatisfactory long-term regult from commercial
or mil-gpe¢ rustprocfing. Such rustproociing requires the drilling of
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holed in bedyfcab/frama areas, a water wash to remove locse rugt and diet,
a thorough drying of tha vehicle, apraying a qualified rust-proofing
compound through the holez provided, and then a final cleanup. It iz
almost inpodsible to obitain consistent high-quality workmanship on a mage
production geale. Tha procese alzo involves health, aafaty, and fire
hazarda. Finally, ruatproofing requires peripdie inapection, maintenance,
and touch-up,

Btudies conducted by the U.5. Army Tank-Automotive Command ahow that
the 1life cycle tostz of rustpreoofing, rusat damage, and repair are greater
than the potential costs of depigning a vehicle o0 avoid corrosion without
gupplemantary rudtproclfing agants.

B.12 Dry Film Lubricanta and Corrozien. When using a dry-film
lubricant, ramamber thiz commandmant: NO GRAPHITE.

Graphite ig cathedic to all metals, exept gold and platinum. In the
pagt, graphite hag been used in 2olid-film lubricants Fuch ag MIL-L-8937.
MIL-L-48010B callg out graphite-fres, cerrogion-inhibiting, bonded
4olid film lubricants. Type I id cured at 150C (30ZF), while Type 11

requiras 204C {about 400F) for curing. Both types, when applled teo
proparly prepared surfaces and subjected to their respective curing
temperatures, form films within 89 minutes.

Solid film lubricants meeting thig specification, when applied to
phosphated gteel at 9.0005 inch (0.0]13mm} thickness. protect againat
corrosion for up to two years in outdoor gtorage, or four years in indoor
dtorage. A l-mil coating provides up to 4 yearg corroesdion protection im
outdoor gtoragse.

Applications include lubrication under conditions where oils2 and
greagas are difficult teo apply or retain, mechanisms operated infrequently
or "lubricated for life”, or bearings invelving 2liding motion.
MIL-L-4¢86310B =solid lubricants are not recommended when the material cannect
telerate the required curing cycle, ner for rolling elament bearings. nor
for equipment handling oxygen (esapecially liquid oxygen).

MIL-L-460:0B s0lid {film lubricants must be umed within 1 year after
tha date of manufacture. They ave guitable for aluminum, ceopper,
magnesgium, steeld, titanium, stainlezs steels, and alloy ayztems bazed on
the aforementioned metalg, The appendix to MIL-L-45010E provides
ingtructionzs for applying these lubricants 4o various materialsz.

8.13 THust Converterg and Rusted Surface Coating.

Rust Converterg {also known ag rust transformersz) are surface
pretreating agentz {or pretreatment/primerz) intanded for application to
rusted surfaceg. The bagic claim made for these preparations ig that thaey
trandform ruxt to a form that can sarve as a bage for subgequant organic
coating.

The mezat promising type of rugt transformer iz bagzed on tannic aeid, a
complex eorganic acld derived from varioue forme of vegetation. A typical
rugt converter consiata of tannic acid, hypopheephorous acid, and
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igopropyl alcohol.* When %thigs preparation acta on a rusted farrous
gurface, the ruat fie fonverted to a fTerric aalt, which in turn reacte with
the tannic acid to form an srgancmetallic iren tannate. Thig iZ a more
satigfactory paint bage than ordinary rust.

A number of tannic acid-based rust converterg have been sold under
Buch tradenames ae Cortax 427, Neutra Rust, Extend, RCP, and Chesterton
Ruszt Trangformer. Some of thege preducts combine the tannic aecid rust
convarter with a latex-type primer. When one appliesd thiz combination %o
a ruated ferrcus gurfaca, the resfult will be a primed surface that can be
topopated aftear the rust converter/primer bas reacted and dried.

Other commercial rugt convarters congisgt of the tannic agid gysten
alone, without a built-in primer. Thiz type of material is intended ior
application to a rugted surface ag a preireatment. The preparation is
given tima to react and dry, after which the surface i3 ready for priming
and topocating.

A numbar of commpercial rugt converters wera testad in Puerto Rico
under the directieon of the Army Material Command.»» Baged on the regults
of 1 year of te2ting, the team conducting the test judged only two
preparaticng te ba worth further ztudy. Gensrally, painting over rusted
purfaces ig net recommended. If rust tranaformerz ara to be uzed, they
phould ba the type with out a built-in latex primar. The technician
ghould brush away loosZe rugt, clean and dry tha surface, and then apply
the rust convertar.

Aftar the rust conventer peactd and dries, the converted surfage
ghould then be primed with a properly formulated primer. The primer
gheuld be baged on a low viscosity binder 2uch ag fish-oil alkyd.#ss The
golvants should be zlow-wvaporaking, soc the viscogity of the whole primer
will remain low until it penetratesd through the neutralized rust layer.
One eof the advantages of fish-pil for thig purpode is that itz own
vigrogity iz low, {urthermore. it is zlow drying, therafurs a
glow-evaporating solvant can be usad with it.###% Water-basged latex
primerz are not good for painting rusted surfaces, because the latex
particles may be filtarad out by the rusi layver, allowing only weter to
get through the rust to the zubztrate.

After the rust layar has been neutralized and primed, one may then
apply a supplementary primer and topegat.

B.14 Water-Digplacing Touch-Up Faing. The T.5. Navy hazg developed a
watap-displacing, touchup paint that can be applied to bare metal

* Information provided by Mr. J. Manke, AMCCOM, Reck Izland.

" Warghaweky, ., memorandum to Director, TATD (AMSTA-R). 2l Feab.
19868, op trip to Puerto Rico National Guard, 10 - 13 Feb, 10884.

LE L & rusty metal primer commeonly sold in hardware gtores uged a figh-

ail alkyd binder. This ig claimed to penetrate through a rust
layer, surrounding rust particles, to reach the subsgtrate,

L L Wicks, Z.W., Jr., Principles of Formulating Corrozion Frotestive
GCoatings, 5.29, in Corregion Ceontrol by Coatings, H. Lajdhaiger,
Jr., editer, Science Prazs, Princeton, 1279.
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gurfacas for temporary protectiomn against corrogion. The griginal purpose
of thiz ceating material is prevention of corrosion of carrier-hased
aireraft in areas whers thair ragular organic ccatingz are chipped or
cracked. This product waz devaloped at the U.8. Navy Aeronauticael
Mzterial Laboratory (AML) and has been distributed via Department of
Dafanaa channel® under the pame "Amlguard”.

Material called out under MIL-C-B850544 (AS) (Correogion Freventive
Compourd, Water Diszplacing, Clear {Amlguard}) displacas meigture or salt
Wwater, and leavag a clear, corrosicon-preventive film., It i# intended for
use on all matalz, and itz applicability from pressurized spray cang makas
it particularly guited for Zervice use.

Amlguard, a=z gpecified undar MIL-C-850544, conaigts of barium
petroleum sulfconate, alkyl ammonium organic phosphata, silicone and
gilicone/alkyd raging, and non-photochemically reactive 2alvents.

Water-diaplacing., touch up paint doed not conform to CARC standarda,
therefore, one should not specify it ag an oridinal equipment
manufacturer’'s finish. 1t rould coma in handy, howsver, for the
maintenance-condcious field gommander whe wapts to limit corregion on the
gurfacea of combat and tactical vahicleg (or other itemg) in locations
where the authorized paint finish hasz been violated by various accidental
impacts or abrasions. The user gleans off the 2urface, and gprays on tweo
uniform coats, waiting a half-hour beatween the first and gecond coats.
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CHAPTER B
ALUMINUM

Aluminum and it=s alloys are gensrally less suaceptible to corrosion
than mild steel. Thers are many circumstances where one can expoge
aluminum to the elements without the extengive corroaion (ruating) that
ferroug metals suffer under the same conditions. Aluminum i3 not
corrogion-fres, howavar. The endinaer/dosigner must know the corrocgion
characteristica of aluminum and ity alloye, and of aluminym syrface
trpatmants and coatings. Only then can one raalize the benefits of
aluminum in engineering deaaign.

The corrosion of aluminum and {49 alleys i3 governed by two bazic
phenomena;

1Y Aluminum i=® more active {legs noble) than most other mebals. Thig
meang that when in contact with ferrous metalz {or, wWorae yat,
copper and it8 alleyg), aluminum and itz alloys coprode
gacrificially when an electrolyte is present.

2) Aluminum forms an adherent oxide layer when exposed to air. This
layer, like the pagdive oxide layer on gtainless steels, greatly
raduces uniform corprogion, characterigtic of the kind one
anoounters with mild #teel. Like 2tainlezs 2teelz, aluminum and
ite alloys are prone to lecalized corregien including pitting,
stress-corrasion aracking, and intergranular corrogion. The
gsurface oxide layar on alumipum 18 wulpnerable to agd¢resgive ionsg
such ag chloride.

§.1 Bpecific {orrcalon Problems.

8.1.1 Galvanic and crevice corregion. When uging aluminum alleys in
gtructureg where stesl i2 algc pregent, one muet be aware of galvanic
corrgion., If there are no diggimilar metald, aluminum can gtill suffer
crevice corrodion. The designer must uze proper joint design techniquez,
a# digcussad in Chapter 4. TUze a gealant, gsuch ag peolygulfide, between
faying surfaces and around fagstener's heles. Aluminum componentz should
ha drifled, milled, or otherwifa machined, bafore applying pretective
coating systemz. Then, apply sezling compound and fasten. Tor joinks
raquiring dizazgembly at foms later time, use a temporary corrosion
praventive compound compatible with aluminum and the metal to which it ig
faztened.

Welded conztruction must be treated diffsrantly, becauge welding haat
would burn off previougly applied ceoaklngds.

Figure 70 illustrates the congeguences of corregion in an improperly
congtructed aluminum joint.# On the left side, correagion between the

*  Aluminum, ¥ol. 1, Chapter 7 {(Resigtance to Corrosion and Stress
Corrogion). American Society for Metals, LlH6T7. page 218.
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Fig. 70, CONSEQUENCES OF IHFROPER ALUMINUM
JOINT DESEGH {lefr), ALUHLNUM JOINT
PROFERLY PROTECTED ' (Righkl}.

faying surfaceg generated enough pressure 4o push the plates apart. The
Joint on the right wag prepared by applying cne coat of aluminum paint te
tbe gurfaceg bafora fasztening. All surfaces should be coated, and thiz
definitely includaz #teel #urfaces in contact with aluminum.¥ Fasteners
ghauld be properly treated, i.e.. with cadmium, or other metal plate
galvanically ceompatible with aluminum. Altarnatively, one can uae
coatingsa such az ceramic-metallie. The degigner should remember that
exfoliation {(gee below! has been known to gtart in the vicinity ol
fagtenars, due to crevice and galvanic effects.

Aluminum hingegs on electroniec s&guipmeni ghelters have baan knewn to
seize due to galvanic corrosion caused by a =#tainleds zteel pinws. Here
is another lesson in the importance of providing a suitable ceating of
2ome form on cathodie metals in contact with aluminum, For hinges, a
corrpgion-inhibiting lubricant, compatible with both aluminum and the pin,
iz alge degirable. The pin should net fit in the hinge tco tightly, lest
corrogion productd cau2e jamming.

Graphite should tot come inte centact with aluminum. If an aluminum
component is to be jeined to a graphite fiber-reinforced compousite
gtructure, thay must be electrically igolated from one angther. {(For that

= Painting only aluminum, when in contact with a cathodic metal, will
cauca 2 large cathode/ssmall anode 2ituation at paint coating
defacts,

¥ Unruh, Kennath 5., Corrosion of Aluminum Hingeg on the Elactronics

Shop, Shelter Mounted, Avicnica, AN/ASM-147B During Saa Transgport.
USA AMSAA, Aberdesn Proving Grounds, Maryland, March 1586,
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matter, be wary of posgible galvanic corroesion whenever any gtructural
matal 14 joined to graphite fiber composite matarial.)s
Finally, one muzt not mark on an aluminum gurface with a graphite

pencil. Use only those marking inatruments sgpecitically authorized for
alupninum syrfaces.

9.1.2 Intergranular attack, Stress-Corrosion Cracking, Exfoliation.

Alumlinum alloys arse gugceptible, in varying degrees, to intergranular
atback, stregg-corrogion cracking, and exfoliatien. Thege phenomena are
particularly troublescme in high-strength aluminum alloye whoze
metallurgical structures contain disperged phasdes.

An sxample ig the Al-Qu gystem, i.a., the 2000-geries alloy=.
Solution heat treatment followed by artificial aging rezults in Cudls
precipitates at grain boundaries. Thede precipitatey are good for
mechanical strength, but they alsc cause unwanted galvanic sifects.

Recall that with gtainless steels, improper heat treatment causes
depletion of chromium from grain boundarieg, becauaa of Crl precipitate
formation. In gopper-containing aluminum alloyeg, the heat treatments
needed for maximum =irength cause depletion of copper from grain
boundariez adjacent to Cudlz pracipitates. This menaitizes the alloy to
gtrags-corrozion cracking and exfoliation, becauze a copper-depleted grain
boundary i8 ancdie Lo the microgtructure as a whole,

In 5000-gerieg aluminum alloys, magnezjum ig the mogt important
alloying constituent. Magnesium forms a solid selution in aluminum up o
a limit of approximately 3 waight percent. If the parcentage of magnesium
in an aluminum alloy excesds the Bolubility limit, AlsMgs forme az a
gecond phase. Thia precipitated phage is anodic to adjacent grainsz, and
will corrode preferentially whan expoged to an glectrolyte. [f certain
Al-Mg alloys are heat-treated, intentionally or not, B0 as to caude 3
continuous network of AlzMgo at grain boundarieg, an item made from
guch an allay will be guggeptible te preferantial grain beoundary attack,
Thie may lead to stresz-corroszion cracking or exfoliatiocn.

g.1.3 Strega-Corroaion Cracking (5.0.C.) hae long been an important
congideration in the design of ajreraft. In the Army, one i concerned
about 8.0.0. in helicopters and in armored vehicles using aluminum allay
armer. In doma caszes, strength hag had to be macrificed to attain the
desired registance to 5.C.C..

The aluminum alley systems: prome to §.C.C. inelude Al-Cu {the 2000
gerieg}, Al-Zn-Mg and Al-En-Mg-Cu (the Y000 seriesl, Al Mg (5000 gmeriesl,
and Al-Mg-S5i (6000 geriesl. The latter two alloy systemz may sufler
5.C.C. when the magnesium content i= above 3%, or when high gilicon
contents are pregent in the Al-Mg-5i gyatem. The Al-Mn alleoys (3000

* Danford, M.D.. and A.H. Higginsg. Galvanic Coupling Between DAAC
Steel, B061-T6 Aluminum, Inconel 718, and Graphite-Epoxy Compogite
Material: Corrosdicn Qpecurrence and Pravenbion. MWASA Technical
Paper 12236, Dacamber |%63.
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sariag), Al-S5i (4000 geries}, and Al-Mg (Mg content ¢ 3%) do not
gxperience stregg-corrozion cracking.

Metallurgical condition brought about by heat treatment and ecold work
hag a signifirant bearing on whethar or not 5.0.0. will occur. For
example. alloy TOTS (a high-strength alloy used in asrpepace applicaticns)
ig guaceptible to 5.0.0, when used in thick sectione in the T (doluticn
heat treated and artificially aged) temper. The game alloy in the T73
temper (#olution beat treated, fopllowad By overaging) exhibits improved
regigtance to 5.C.0. relative to tha TQ tamper, with an accompanying
gagrifice in ztrength.

Sugeeptibility of aluminum alloys to 8.C.C. alze varies with grain
crientation relative to the direction of applied tepaile etrean. Rafer to
Figure 71. If tenzile test specimenz are machined {rom a thieck =lab of
rollad high 2trength alloy guch am 70TYS-T6 or 2024-T4, specimena in which
tenzile stresg jv mpplied in the phort iransverse direction will be most
gugceptible to 5.C.C. Specimeny machined go that the tengile stresz is
along the long traveras axie ava lass susceptible to 5.C.C.. Longitudinal
t8gt dpecimeng are modt resistant te stress corroslon oracking. Haferring
to Figure T2%, one can Zee that for typical high ztrength alloy-temper
combinationy, gkregs-corrodion cracking occure at a much lower siress
lavel when applied in the short transversge direction than in either of the
two other major directions. When uging rolled aluminum alleys, aveoid
expoging the ahort trandverga direction to combinationg of tengile ztrese
and corrasive influences.

Fig. 7l. BROLLED alUMENLM PLATE GRAIN STRULTURE

Thin sheat doez not exhibit directicnality in susceptibility te
§.0.C.. fCastings ars suppoeged to be izotropic, yet the parting plana op
seam may axpoge a highly 5.C.C.~gusceptibla transverse grain structure,

# Lifka, B.W.. ot al, Exfoliation and Stregg-Corromion Characteristics
af High Strength Heat Treatable Aluminum Alloy Plabe.

118



el T r r L] T r Ll Ll b L]
& TET - Tan, (Wm v Tl
& ore-Tan, 1 ¥ E . THIGE
= Our WOT FaiL
BCATTER BanGd = TOTE-T6 and TN FaTl. 're 19 3 Tre
BO 4

SINDINY \\ﬁsw

D
(R e ) *
L]
A AN b, P AT

i A

w}

L 200 3

W oW L NI o SuORT . TRAMIYIREE. . -
Fte e e Tad ey, i fL

SUSTAINED TEWSION STRESS , WS

o i Fl " i N i . L .
O i3 M 4% B0 VR oBD WA 12D 15D M0 B3 B0

DATS TO FALWAE , 5.9 % Na C1 ALTEHNATE WIMERSICH

Fig. 72. SENSITIVITY TO SCC AS A FUNCTION OF
GRAIN DIRECTION

A number of publications list forresicn and stress-corrosion
gugceptibility of various aluminum alloy-temper combinationg. Tha
engineer-designer ghould refer to such publicaticns az ATSM G54-85
{Standard Claseification of the Razigtance to Stregg-Corrogion Cracking of
High Strength Aluminum Alloys), Metals Handbeok (Corrcgion Regigtance of
Aluminum and Aluminum Alloyz, Vel. 2, 9th ed., pagez 204-235), the SAE
Handbook (published annually), and MIL-STD-1568 (Materials and Processes
for Corrodion Frevention and Contral in Aerospace Weaponz Sygtemd). ESae
aldo MIL-HDBK-5E, Metallic Materialw and Elements for Aerosgpace Vehicle
Structures: Thisz handbeok present® tables Bhowing maximum streszzed at
which tegt gpecimens will not fail when subjected to the ASTM Ga7
alternate immergion atresz-corrodion tagt. Such #2treds values are not to
be uged for dezign caleulationg, but are a ugeful comparisen of 5.0.C.
regigtance among varlouws aluminum allove. Publighed stress-corrozion
regidtance ratingsg are bazed on a combination of gtandardized tedgtsz and
Bervice sxperience. In the SAE Handbook, a rating of A meanz no known
ingtance of failure in service or in laboratory testy. & "B™ rating ig as
above, except that laboratory teste have revealed #ome instancas of
failure in 2hert transverse Fpecimens.

Specific material choice Tecommendations ara ag follows:

¢ Aluminum-magnesium alloys with more than 3% mg. zhould not be uszed
under high conetant applied stregg at temperatures in excess of
150F, begauds of the poddibility of Al-Mg precipifates forming a
network at grain boundaries. Alloys guch as 5083, 5086, and 5456
ghould net be ugad in the HIQ geriez temper®? becauge they can
become vulnerable to 5.0.0. (par. 3.1.2.3.1, MIL-HDBK-SE).
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o The B.5, Army Mizzile Command (MICOM)® does not allow 2024-T3 or
T4, or T075-T8 in new dyatems under itz juriediction, recommending
ingtead 2024 in the TH aeriez tempersz (i.e., TB51}, TOTE-TT3. the
5000 or 6000 seriez, or 7050 gerias. The UD.E. Alr Force docas not
aliow TOTE-T8 in forgings and milled products.

o A few kigh strength aluminum alloys have sahown excellent raesistanoe
to stresd-corroalon oracking, aven in the vulnerablsa short
trangverge direction. Thapa ava 2020-T851, 2024-TEEL, 2%1G-TAS],
TOTS-TTa51ea, and 5454-H34 (N. Kackley, MTL).

Prevention of 5.C.C. via dezign. Agide from proper material
gelection, one ecan aveid girezg-corrogion cracking by raducing {or
eliminating) tensile stregges, or by izolating vulnerabla areaz from the
environment. MIL-HDBK-5 recommend® against practices such as pregs or
ehrink fita, tapar ping, cleviz joinks in which tightening of the bolt
impogey a bending load on the female lugs, and aszembly operations which
impoge Zustalned gurfaca tengile atreases {especially if in the shaort
tranaverge direction) when using materiale 2014-T451, -T4, -T&, -Te6B%1,
T&52; 2024-T3F, -Ti51, -T4, and 70Y5-T6, -TES1l, -TH52. i

Shot pasning ig reguired by MIL-STD-1888A, par. 5.4.3.1.4, on critical
gurfacaz of forgings, machined plate, and extrusions, after final
machining and heat treatmen®. This placeg gurface layera in a razidual
compreggion #tate, which aliminates cne leg of the 5.C.C. triangle
{tensile gtrezz}.

In partd not datraga-relieved, MIL-STD-158BA forbide machining away
mere than 0.150 inchez par fide, because doing sc may axpose vitlperabla
{ghort trangverse) grain strugture in a bensile resgidual stress condition.

The above two requirementz are wajived i1 the material demonstrates a
gtre2s-porvrodlon redistance not lessa than 285 kai {173 megapagcals)l in the
ghort tranaverza direction when tested in accordance with a defined tast
rrocedure.

Coating a vulnerable area can be effective in praventing 85.C.C by
igsolating the short traneverge grain gtructure from corrogive agents.
High-dirength aluminum alley 7038, once widely uzed ad an armor material,
had experianced B.C.C. in tha vicinity of welds due to remidual tengile
stregses acting on regions of shert transverse grain giructure expoded at
the eadgeg of rolled alley armer glabe, An effectiva, though expendiva,
#golution waa to "butter’ the edges with 5358 alloy. Thiz procedure
created compresgiva strve=ses at Lthe edges, and alsc gealed the

* Cobb, B.J.,, New Sydtemd with CPC Flavor. Proceedinga of Cenference
on Corrogion Prevention and Centrol, Williameburg, VA, 20-30 April
1986.

#4+ Lifka, B.J., at al, Exfoliation and Shtresg-Corresion of High
Strength, Heat Treatable Aluminum Alloy Plate. (Reprinted with
permigsion from Correcgion. Nevember 1967, in Prevention of Matarial
Deterioration: Corrogion Control Course. Fublizhed by Loglatics
Enginearing Divectiorate, U.5. Army Armamant Material Readinsess
Command, Rock Island..
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alley 7038 surface with a more stresg-corrosion-ragigtant materials,
Attempts were made to uge sprayed matal coatings to protect the edges;
howaver, shot or brush peening proved more effective.

filuminum armored vehicles are currently being constructed uging
aluminum a&lley 5083, which is lezs prone to 3.¢.C0. than 70%9. The
designer zhould be aware however, that shot paaening {(or, brush peening)
ig available ag a meana of relieving residusl tensgile sztregses at
vulpnerable ghort transverze surfaces, Also, weld buttering, though time
conauming and cogtly, ig nonethelazs al¥c available ag an option.

In recent years, new aluminum alloy® have been daveloped a=z optionsz
for armored vehicle degign. A cast alley, ARGO-T4, meets 5.C.C.
requirement2 when tezted in accordance with prescribed test procedureats,
Thig particular cast alloy-temper combination, is not ag good as
high-strength rolled aluminum alley from a ballistics standpoint. It is,
however, less digadvantagecuz than other aluminum cast alloys thal wera
studied.

Aluminum alloy 2515-TB7 wag recently developed ag an alternative to
S5083-KE131 and 7033-TS4. Thig alloy offere tengile and ballistic
proparties eguivalent to 7039, without the latter’s susceptibility to
gtrega-corrogion cracking. Alloy 2519-T8Y needsz additional develspmental
work, however, becauze experimental weldmentsz do not withstand as high a
ballistic ghock as iz required by MIL-STD-1046 (Welding of Aluminum Alley
Armer) . was

1t the engineer mugt uge alloye such az 2024-Té4 or TOTS-TE, rapid
guench rateg are dagirable, ar both yield strength and corrosgion
regigtance increage with the pate of quenching from sclution heat
treatient temperature. Unfortunately, high quench rates are not possible
for thick sectionz. This ia why 20404 saries alloye are usually overaged
to the TB deries temperg (i.e., 2219-T35!), and why 7000 ®eries alloyg are
vsed in T7 geries tempers, i.e., TOHTE-TT3.

g.1.4 Exfoliation, This ocourg in aluminum alloyz with an elongatead
grain gtructure. The alloys most sugceptible to exfoliation are thosge
baged on the Al-Cu, Al-Zn-Mg-Cu, and Al-Mg systemg., Metallurgical
condition alse influenceg the degree of exfoliation Fuscaptibility.

Exfoliation hag cccurred in aireraft atruckurez in the vicinity of
fastenar=. Corrozive agents enter the crevice between fagiener and
gurrounding aluminum, and attack the latter along elongated grain
boundaries. Thiz results in delamination, cauged by predgure exsrtad by
covrogion products beneath the surface.

* Gilliland, H. Manufacturing Methods and Technology: Metal Arc Spray
Proceszing. USATACOM R.D. & E. Center, Warren, MI, February 1686

¥x Hare., R.B., and R.L. Malik., Cast Alumipum Componentz: Fhase 1,
Volume 1. USATACDOM R.D., & E. Center, Warren, MI. February 1983

KE¥ Wolfe, Thomazs D, and Steven A. Gedeon. Weldability of 2219-T851 and
2519-T8Y Aluminum Armor flleoys for use in Army Vehicle Sygiems.
Army Materials Technelogy Laboratory Report #MTL TR 87-28,
Ma, June 1987,
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A with diress-corrcalon cracking, high gtrength alloy-temper
combinations such as T0T75-T4 are particularly vulnerable to exfollation.
Accordingly, the deszigner muat prescribe overageing-type heat treatments
when uging high atprength aluminum alleyg under conditions where
exfgliation im likely. If thisa form of corrogion is more of a problem
than 8.0.C. in & particular application, the degigner might want tg uae
TOd0-geries alloye in the TTS tamper, which ig2 gtronger than the TT)
temper while poddessing elevated resistance 4o exfoliation.

The 5009-series alloys are dudcephtible to exfolijation (and 5.C.C.}
when a continuoua network of AlzMg, precipitatez forms at grain
boundariaz. Accordingly, corrofion resigtanca of thia alloy geriez can be
improved by thermal-mechanical treatments which cause precipitates to form
within the graing, rather than at grain boundaries excluzively. The Hl118
and H117 temperg have been developed for exfoliation resigtance in
5000-zerieg alloyzs (N. Mackley, MTL).

If exfoliaticon ecours in threaded or riveted joints, plated fagtenars
can help allieviate the problem. BSealears such ag elagtomeric polysulfids
compounds (per MIL-S-817330) have been usaed auccesgsfully in aircraft
gtructureg., Metallic coatings, such ae eprayed aluminum or zine, on
affected areaz (edgesz of platez., tngides of fagtener holes) are also
helpful. Faatener hcles should be primed with epoxy primer {i.e.,
MIL-P-23377) it the fastener must be remsvable.

9.2 Coating Sygtemsd for &1uminum,.

9.2.1 Conversion Coatinge. Aluminum guyrfaces must have gome kind eof
pretreatment for organic coatings to adhere successfully. The claggical
prepaint treatmentd for aluminum include amorphous chromate, amorphous
phosphate (chromium phosphate), zine phesphate, and alkaline oxided.

Chromium chromate (amorphous chromate} produces excellent resultsz az a
paint baze. Even when used alone, amorphous chromats pravides excallent
rediztance to salt apray. Furthermore, thig type of conversion coating is
electrically conductive, making it useful for electronic equipment
chagzia, It iz also good for applications where electrical conductivity
betwean aluminum surfaceg i#g degired for EMI shielding.

Chromium pheogphate and chromium chromate meet the requirements of
MIL-C=-5541C {Chemical Convergion Ceoatings on Aluminum and Aluminum
Alloys), which callz for 15B hours galt spray registance. The former
meets tha raquirements of MIL-0-5541C |, clasa 14, while the latter,
bacause of it=s electrical conductivity, meeitg the regquirements of
MIL-C-5541C, Claszs I,

Whila chromate conversion coatings are excellent paint bases for
aluminum, they unfertunately areate harardous waste dispogal problema.
Accordingly, afforts2 have been mwade to find non-texic, non-environmenially
hazardous subatitutes.

The FMC Corperation hag investigated a number of aluminum alloy
pretreatment gygtems, in their gquest for a ayaztem that would greatly
raducre wagte treatment cests, and prove agquivalent, when uded with a
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primar coating, to chromate pretreatments.s

A dood finighing system for aluminum must begin with cleaning and
deoxidizing the surface. No paint will adhere well to non-deoxidized
aluminum, no matter how well 1t 1 cleaned., The reagon iz that the oxide
crating naturally ocourring on an aluminum #urface interieres with
adhesion. OUne might reasonably ask: If an aluminum surface iE tharoughly
cleaned and decoxidized, will a primer cocating adhere without a conversion
coating?

The FMC program shewed that if water-reducible epoxy primar,
MIL-F-53030, iz applied to aluminum surfaces immediately following
claaning and deoxidizing. it will adhers wall without a converszion
coating.

Another altarnative to MIL-C-5521C chromate conversion coatings ig the
wagh primer (DOD-P-I5328D) pretreatment systam. This i85 a two part systen
which, when mixed, consigtz of phosphorie acid, pelyviny! butyral, zine
tatroxychromate pigment, and solvents (igopropancl, butanol, water). The
phosphorie acid aerves as an etching agent to assure adhesion of the
poelyvinyl butyral binder. The pigment is similar to the classiecal zing
chromata pigment traditionmally used in primer2 feor aluminum.

Wash primers work well. Tests conducted by FMC demongirated that whan
organic coatinge are applied over wagh primer psr DOD-F-15328, they adhara
ju=t as well a® when applied over & MIL-C-5541C, clags IA cenverzion
coating such az Alodine 12408 {RE}#* Unfortunately, the wash primer syztem
has disadvantages. It ugeg large amountsz of 2olvents, creating an air
quality compliance problem. Film thickness iz ecritical, because excessg
primer may leave unreactsd phospheric acid in the ceating. Finally, the
wash primer sygtem uded chromats pigmenta. Though W.P. does not generate
larde volumez of liguid waszie, the chromate pigment iz s%ill a health
hazard to workers. If applisd By spraying, any overgpray would have to be
traated ad hazardous wagte, ag would unuged material (Wash prinmer, once
mixad, haa limited pot life}.

"Dry ir place” or "neo-rinse’ chromate converszion coatings have been
daviged in an attempt to deal with the hazardouszs waszte dispozal problem of
traditional chromate treatments. They do indeed produca lepe waste
gffluant, and eliminate final ringe atsps. BSuch asydtemzs lend themgelves
well to coil-coating or for treating =2imple shapes. Howaver, they are not
g0 good when it comesg to compled itemz such ar aluminum armored vehicle
hulla., No-ringe chromate 2ystems are a viable eption for parte which
drain easily.

Modified zine phosphate ireatments, described earlier, will form a
phosphate coating on aluminum. Unfertunately, they do net offer the
performance ona can expect from anedizing, or from amerphous chromatag per
NIL-C-5%41C. Furthermore, the wagte effluent from modified 2ine phozphate
bathg are not free of wadte digpogal problemeg., Unleszg ¢ne iz treating a

* Thompeon, Sharon, Prepaint Cleaning. USATACOM R.D. & E. Center,
Warren, MI, Qctober 1985,
% Trademark of Amchem Productz, Inc.
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Mixed azzembly of mteel and aluminum, it i2 best to use zinc phesphate
for pretreatment of mteel, and chromatas {or momething eguivalent} for
aluminum.

Another pozzible converszion coating for aluminum iz aluminum
hydroxyoxide, a variation of the old "boahmite” oxide coatings. The
procegd condiste of expoding an aluminum surlace, coated first with a
ohemical reagent, to an oxidizing environment containing steam. The
reagent provides nucleation 8ites for growth of aluminum bhydroxyoxide
erystale. Thie process 18 used commerclally and resultd in a good paint
base.

Disadvantages are as follown: [If tha surface ia damaged, the aoxide
layer offers no gacrifiecial protection. A chromate-pigment containing
primer has %o be uged for best regultz. Finally, the FMC study did not
find it adaptable for production.

Finally, there are immerdion-iype, non-chromate conversion coating
gygtems for aluminum. U.5. Patent 3,964,938 (Daa, N.] deaoribaz a
treatment bath congiating of boric acid, a source of fluoride, a source of
zirconium, and niteie acid for Ph adfustment. Thim ayatem forms a
fluorcoxy-zirconium complex on an aluminum gurface. It has met the
requirementd of the aluminum containar industry. However, it does neot
meet the requirements of MIL-C-5541.

According to FMC, one non-chromate zyztem worka patisfactorily on
aluminum alloy 5083. Thig aygtem iz ag follows:

Farco Ko, 2351 alkaline cleaner

Aot water rinse

Parco Mo, 2386 deoxidizer

Hot waler ringe

Tarker TDI132S non-chromate convergion ccating. conzisting of
compoundg of titanium, flvoride, zircenium, nitric acid. and phos-
phata.

Cold ringe

Polymaric sealer

Caold rinze

prime and paint

A o DA R e

P m -]

Thig treatment, excluding primer {i.2a. up to and inecluding the eighth
dtapl), meats the 158 hour dgalt Epray requivement when applied teo alloy
50B3. Both this treatment and Aledine 12008, when applied to 5083/703%
welded panels, guffer corrozion near the weld after 168 hours galt zpray.

While Aledine 120(a pargad tha 188 hour salt dpray test when applied
te aluminum alloys 2024, 6081, and TO75, the aforamentioned nen-chromate
treatment dcez not.
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When aluminum panels were treated with the non-chromate convenrzion
coating describsd above and then primed with MIL-P-53030 apoxy primer, the
fellowing results were noted:

1000 Hour Salt Spray:

5083 alloy: passed
5083/7039 Welded panels: small amount of corrogion on weld epattar
2024: passed
8061: paszsed
TeTS: failed
dry % wet adhagion: pagued
120 1b. reverse impact: pazged

in contrast, the Alodine 12008 process, when gimilarly followad by the
primer, passed all tests, with all alloys.

One can ges that there ieg the technical 'pogsibility of achieving
reasonable resulte with & neon-chromate converzion coating if the aluminum
surfaca is thoroughly cleaned and deoxidized, and if the converaion
coating ig followed by a food primer. However, it doegn't work on Eome
alloys {High-strength, copper-bearing alleoy=2 are known Lo be more
difficult to finigbh than other aluminum allays), and itg performance in
the fiald hag not been demonstrated. Ultimats protection of aluminum in
tactical and combat vehiclas 2till requiresg chromatesz, in the convergion
coating if not also the primer pigment am well.

It ahould be noted that the current chromats convergion coatings,
i.e., Alodine, al=¢ require thorough metal cleaning and deoxidizing for
begt resultsy.

g.2.2 Anodizing. Oxide filmg on aluminum and itz alleoys are formed by
natural processes. Thess filme do not flake and crumble like feprous
oxide films, and hence offer protectieon to underlying metal. Nermally,
tha naturally cccurring oxide film on an zluminum gurface i3 approximately
103 angstroms (L OO0CGI0 mm.)} thick.

Bacause AlsCx i2 a wear-and corrogion-registing gubgtance, the
delibarate feormation of thigs oxide in filme of greater than the naturally
pecurring  thickness, ig degired in zome applicatieng. V¥ariou® procoszsges
de in fact accomplish this. A&ll of them use an electrolyte and an
alectriczl potential to form an artificial aluminum oxide coating.
Becauge the article to be treaated ig made the anede in an electrochemical
cell, thege procezsed are knewn ag anodizing.

Aluminum itemg are ancdized to improve corrodicon regigtancs, provide a
colored film for decorative purpegeg, or %o develop a hard gurface for
wear registance, Oxide filmg developed by anodizing do not conduct
electricity.

Early ancdizing processeg uged chromic acid golutisng as
electrolytes. Subreguently, gulfuric and oxalic acid electrolytes were
intreducad. Boric and phosphoric acids are also usable ag anodlizing
electrolytes. The chromic acid process usges 40 gramsd Crlas per liter of
solution, with a 385C (95F) bath temperature. The item to be treatad i=
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mada the ancde and Bubjected tc 40 volta for approximately 30 minutas.
Tha regulting oxide film is 0.0025 to 0.0050 mm. thick.

An coxalic acid solution at 2 to 6% concentration, at a temperaturs of
i85 to 39C ie the baziz for the "Eloxal” procaes. ODxide layers formed on
aluminum by thi# procesz are up to 0.0068 mm. thick, and are golden yellow
in qalor,

The most common media for apodizing 18 sulfuriec acid. Ha504 is
very corrosive, unlike chromic acid which in fact le an inhibitep. Thia
meang that care zhould be taken not to allew #ulfuric acid molutions to
become trapped in crevicesa of partsa being anodized., However, the
"Alumilite (R]" process has the advantage of lower cost, higher speed, and
the posgiblility of a range of propartiag, with a variety of aluminum
alloye. Typically, sulfuric acid ancdizing is parried out at low
temperatures (20 - 25C or approximetely ‘room” temperatursl. HaS0a
ancdizing has ancther advantage: There are no chromium ions to cauge
water pollutien.

"Hard"™ ancdizing refers to procegses whereby tha oxida film i2 thicker
than ugual. Such filmg range from 0.001 inch (0.025 mpm.) upwarde.

Hard ancdic goatings form in zulfuric acid ancdizing cells with some
of the parameterz modifjed, The current density (amperez per square foot
of gurface area anodized) i# higher than in cenventional anodizing. The
bath temperature ie Igwered from TOF used in cenventional anodizing ta
50F, The Alumilite hard-coating gclution uzez 12% (by weight} HaS0a,
along with one weight percent oxalic acid. The Martin Hard Coat (MHC)
proceds uges 15% HiS50, paturated with carbon dioxide.

Oxide films daveloped by hard anodizing processes ara net actually
harder, but are thickar and denzer than conventional anedic coatings.
They exhibit good corrozion and wear resistance. Unsgealed coatings hold
lubricants wall,

Anodic coatingd mugt be #ealed for maximum regigtance Lo corrosion, or
when it ip necesgary to have redistance to staining. Hard anodic
coatingg, when uzed for abrasiogn regidtance, are not gealed, One may 2eal
anodic coatings by immersaing an anodized coating in boiling water for 10
to 30 minutez2. Dichrowmate maealing solution® produce the bezt corrczion
reszistance.

Angdizing 15 appliicabla to a variety of wrought and cazt aluminum
alloys. Pure aluminum iz the eagiest to anodize. With copper-bearing
alloyd such ag 2024 (4.5% Cu} or TOTS (1.6% Cul, it i2 more difficult teo
form & thick ancdic coating, and the film will offer lew® redidtance to
corposion.

A potential disadvantage of anodizing ig reduced fatigus gtrength.

Recently, Lockheed developad a precezz whereby anocdized aluminum i
gealed with polyurethane regin.® Thig procezg may be applicable to
aluminum components of tactical and combat vehicles. The seal-priming
process may be augmented by tepeoeating.

4 Aviation Weak & Zpace Technolegy, pg. T1, May 11, [827.
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9.2.3 Alcladding and Aluminum Spraying. Pura alupinum poggesden

excelleant atmogpheric corrogion resistance, while various aluminum alloyw®
(particularly high etrength, copper-hearing alloys) tend tc suffer in this
respact. Accordingly, high-gztrength alloys should be usad in ‘alclad’
form. Alclad aluminum alleys, available in mhegt, plate, and tubular
forms, congjet of a high-gtrength aluminum alley core clad with unalioyed
aluminum, or selected aluminum alloy guch az Al -~ 1% Zn. The idea ig to
provide a corrosion-sensitive, high-atrength aluminum alloy with a coating
of Al or AL alloy which reziste atmodpheric corrogion, yet 1d anodic to
the bage material. Thig zyztem affords sacrificial protection to the bass
material, and ig Bimilar in this ragard %o zinc coatings en farrousg
matale,

Alclad plate should be considarsd for armored vehicles. An advantage
of alclad preducts ig, they are eagier to convergion-coat thap bare, Al-Cu
or other high-atrength allova. Thig i2 very lmportant it chromate gyatams
cannet be uzed.

Aluminun armored vehicle hull# can be ceatad with pure aluminum, zing,
or Zn-Al alloeys, by wire spraying. This 1ig- ancther option for aluminum
hulls, turretsz, and opther components,

9.2.4 Organic Coatings. Traditionally, aluminum surfaceg have been
primad with zinc or strontium chromate pignented primers. Red lead i# not
a corrodion-inhibiting pigmwant for aluminum, and i therefore not to be
udad for thig purpode.

A clazgic primer gpecification for aluminum is TT-P-175Y. This
gpecificaticon calls for a zine chromate pigmented, ¢il-modifiad
phanol/fermaldehyde-alkyd primaer coating.

Latar, apoxy primers were developed. Typical epoxy primersg were
diacuzzad in gection 8.3.

Today, primer gpecifications have changed, becausga of VOO and
chromate problems. A water-reducible, lead and chromate-free epoxy primer
for aluminum i8 called out under MIL-P-53030. Thia i3 a two-component
ayetem which meets VOC (water not yelt added) limit2 not mere stringent
than 2.8 1bt., per gallen, or 340 gram/liter. OStorage gtability is 1 year
for both componentsz, and pot life, once mixed, i8 no lese than § houre at
1IF,

If the elimination of chromates from both convergion coatings and
primera iz gtringantly enforced, adequate protection of aluminum could
prove difficult. Enforcemsni of gquality controly will ke more important
than ever. Hopafully, adequate ceoating systems will be developed that
will meet tha naeds of protecting our environmeni. Hopafully, teo,
method2 of safely handling chromates will he developed 8o thig moszt
geffective method of protecting aluminum from corroaion can g2till be usad
whara reguired,

Many topcoating materials used for protecting ateal can alzo be
applied to aluminum. These materials include:

Alkyds
Aorylicse
¥inyla
Epoxies
Orathanes

a a9 o QQ
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A good ayatam for aluminum iz epoxy primer, followed by polyursthane

topcoat.

Elactropheratic coatinges ave applicable to aluminum, a® are powder
coatinga. Do aware, howaver, that thede materlale require elevated
teamperature baking. Make ¥ure that the alloy-tampar gystam in guaetion
can take the baking temperaturs.

Referancesz: 1.

Binger, W.W., et al. Ranisatance to Corrosion and
Stress Corrodion (Aluminum, Volume I, Chapter T,
adited by Kent R. ¥an Horn. American Society for
Matalz, Metalg Park, Ohio, 188%Y.

Burne, R.M. and Eradley, W.W., Protective Coatinga
for Metale, 3rd adition, pages 566-604. Reinhold
Publighing Corp.. New York, 19587.

Cochran, W.C., Angdizing {(Aluminum, Volume IILI,
Chapte® 19].

Georgea, D.J. &t al. Chamical FPretreating and
Finighing. (Aluminum, Velume III, Chapter 7).
LaQue, F.L., Corrceicn Regigtance of Metals and
flloys, 2nd edition. pages 184-184. Reinhold
Fubliehing Corporation, New York, 1963,

Lifka, B.W. et al. Exfeoliation and Streas
Corrogion of High Strangth, Heat Teeatable Aluminum
Alloy Plate. (Raprinted with permission from
Corrogion , Mov 87, in Fravention of Material
Detarioration: Corrcsion Contrel] Course. Publiahed
by Logiatice Engineering Directorate, TS Army
Armament Materiel Headinezg Command, Rock Izland).
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CHAPTER 10
LESSONE LEARHED IN CORBOSION PREVENTION AND CONTROL

This document concludes with a chapter on les=ong learned from actual
field experience with corrosion in Army weapon systems, Regardleassg of Low
much theoratical knowledge the engineer may have regarding corrosion, it
ia bettar yat for he or she to have gtudied actual case histeriesz. In =o
doing, wa can all learn what %o do and what not to do in designing
hardware for today's militany.

10.1 Case History #F. The Corrogion Digezt Number 6, 10788, page 1.
Letterkenny Arsenal rvaported Jeakage of IBCC shop shelters, cauvaed by
eorroesion between aluminum panels and foam ingulation.

Cauge: This iz an sxample of poultice coprogion. Aluminum and its
alloyz depend on a natural exide layver for protection against corrogion.
When a poultice such as foam inxulation ji2 in contact with aluminum,
retained moisture (possibly coptaining corrosived leached from the foam!
can initiate corrosion at weak points in the protective film. The film
ig, at this point, not =zelf-healing.

Although the aluminum wag protected by chemical pretreatment and
painting, the coating system wag not adeguate for the conditions
encountered.

Solution: Hemove all aluminum gking and replace with aluminum
epoxy-bonded to the foam. It waz further recommended that new ghelterg be
fabricated with insulation that would be lesz likely to cauge corrozion of
the aluminum skin.

Legson to be learned: Beware of poultice-type corroaion whan
ingsulating foams are in contact with metale. Use an adeguate protective
coating to protect the metal supface. BSuch coating ghould be able to
withatand prolenged moigture exposure without bligtering. Algdo, Zelect
insulation materials that will not leach corrosive saltd.

18.2 Case Higtory *#2. Floor pang of M39 (5-ten) trucks were ruzting
out, because of moiasbure retained in place by floor covering.

This is another case of poultice corrogion. It iz not poEgible to
eliminate the f{leor covering, becauge its soundproofing function ig
congidered eppential.

Selutign: The only coating on Lhe gteel gurface waz TT-C-480
phosphate treatment. Obvicugly., thig 18 not adegquate. TACOM congidered
alimination of adhegive from the bottom of floor mats 3¢ they could be
removed at the end of a day'e operations. Thig would alleow air to
circulate and dry cut the floor area.

128



Leggons to be laarned. Here, again, the engineer mugt be aware of
poultice effspta when items such ag floor matz come inteo contact with
metals. Algo, whenever there i2 a sump area, prolonged slectrolyte
contact ig likely to be a problem. The author recommends the following
meadures:

1. TUae adequate coatings on all metal surfaces. Both outside and
inzide zurfacer of f{losor panz ghould be galvanized. Here jg a
poapible application for high performance coatings such ag
Galvalume or Galfan.® The inzside surface, because of contact
with the fleer covering, should also have a gdood srganic
coating scheme. Use a good phosphate treatment go ag to retard
underfilm corrogion at paint coating defects.

2. Drain all sump areas, uging elther drain holes at the low
points of such areaz, or {(for vehicler reguired to ford or
swim deep =treams! removable drain cocks.

3. Specify repovable floor mats. When the truck i3 not in ume,
tha matz sghould be removed and stofed whers they will dry out.
The floor mat should be of oclosed-zell, rather than open-cell,

type.

1f the design enginear specifiaz removable drain pluge, the truck
should be dtored with the plugs removed. Before baginning a day's
sperations, the regponaible maintenance perzon muszt re-install the drain
plugs %e prevent flooding of the vehicle interror while fording or
gwimming.

13,3 Daze History #3 (The MADFAC Digest, Wumbar 2.3, 1/85, page 1l.}
Hardware in 35-280 and 5-250 shelterz was found to be corroded,
producing a white, powdery corrosien product.

The caude: An RIV dilicons sealant wag giving off corrozive agetic
acid vapor.

Solution: Change Lo nen-acetic acid type gealant.

Lesson: Bewares of vapor corrogion in enclesad areag.  Awveld RTV
compounds that uge acetic acid, This wag pointed out in part 4.10
{zpecial congiderations for alectrical and electronic eguipmentl.

10.4 Cage Himtory %4 {The MADFAC Digest, Numher 2.3, 1/B5, page 47.}
In another casa af vaper corvosion, MICOM reported sewvere corrodgion
of cadmium plated parts in TOW missile guidance gets.

t The superior barrier (az oppozed to gacrificial) protection of
aluminum ecatings might ba the zolution to {loor-pan corroston, if
nothing else works.

130



Cauge: The item# were #tored in a metal container that was recently
painted with alkyd enamel. The alkyd gave off formie acid vapor., which is
very corrogive o zing and cadmium,

Solution: Corroded items were cleaned and treated with varnish.
MICOM igsued ingtructions to allow at least twp weeks air dry for metal
containers painted with alkyd enamel, and to uze CARC in the future.

Lemson; Alkyd painta preferably ghould not he uyped for painting
ingides of storage containerd. WUge sither the CARC zystem (ecpoxy
primar/polyurathane topooat}) or, for surfaces not exposed Lo sunlighs,
MIL-C-22750 apoxy enamel appliecd over MIL-P-23377 (MAVMAT P 4855-2, Design
Guidselines for Prevention and Contrel of Avionic Corrogion).

10.5 Cage Hiztory #5 (MADPAC Diggest. NWumber 2.3, 1785, page 50. Gee
alse FS magazine, November 1983, page 14).

Hollow dock bumpers on MB8T1 semitrallers ware rusting out due to
water accumulation.

Solution: ©Drill three drain holes, 1/4 inch (6.3%5mw) diameter, in
the underside pi the bumper, & inches from each side of the trailer and 45
tnches from tha left gide, MBT1's built after the defact wa2 agcertained,
had thig modification incorporated at the factory.

Legson: Thag is a classic case of ingide-out corrozion cauged by
moigture entrapment in a Sump area. BHeware of sump areas in hollow
gtructural sections., (ZSee figurag 19 and 20, and the accompanying text).

10.6 Case History #8 ( Op cit., page 54) Magneszium caztings used in the
Blackhawk heljicopter auxiliary power unit gearbox suffered corrosion.

Cause: Bome of the preotective coating (Dow #17) had been machined
off, leaving expozed metal.

Solutien: Seal the bolted ;oints after assembly with a zealant.
Touch up machined areas with chromic acid brush-on per Dow #1989, Seal
coatings with MIL-3-8784 sealant.

Lezson: When a protective coating is destroyed by machining or
welding, it mu=t be re-applied.

Thig cage history iz an example of why metal finishing must be
integrated into the overall asgembly procedure, rather than being an
afterthought,

H A Case History ¥7 {The Corro=gion Digest, Number B, 4787, page 321.
Lettarkenny Arzenal reported severe corrofion on groggmembers of
M10542 trailers brought in for maintenance.
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Cause: The trailers wers storsd cutdocrs. Watsr penetrated into
weld seame and frame gections.

Solutiona: 1. Provide covered gtorage, if poszgible.
2. Provide drain holes at the lowesat points {aump areas)
of frama sactionz.*
3. TUage continucus walds to eliminate crevicen.
4. Apply rust preventive coatinge on ingsidex of hollow
geckiong.

Lexzong ¢ be learned: Savarizl examples of poor practice ragarding
CPC are evident in the initial MWIOSAZ daesign. First, nen-continucus walds
condarve wald metal, but they almo set up cravicesd which invite corroaicn.
Sacond, when uzing hollow irapme aectiona, dump areas invite internal
corrosion. Finally, the inzide gurfaced of frame memberg have to be
proteched, juxt as the outzida gurfaces sust be, with protective coatings.

10.8 Cagae History #8 {(Op Cit, page 43)
MICOM raported the breakage of a high-ztrength maraging steel clevis
belt uged in the patriot antenna mast.

Caude: The bolt wag cadmium plated per QQ-P-416, type II, cliagz 3,
and strezs relieved for 24 hours at 590 degrees F.

In spite of the post-plating baking, the bolt suffared hydrogen
embrittleasnt,

Soelution: The cadmium requirement was deleted. MNICOM aubstituted a
dry film lubricant coating, per MIL-L-48010, :

Legson: Bigh-strength =steels are very sensgitive to hydrogen
embrittlement. Do not elactroplate zuch materials. Use gurface
treatment® that are proven not to cauge hydrogen embrittlement.

10.9 Casa History ¥9 (Op Cit, page 47), MICOM reported corrosion of
cadoium-plated mild steel latches on Bellfire containers.

Cause: The containers, apparently aluminum alloy, were treated with
chromate conversion ccating per MIL-C-554]1. Thia treatment degraded the
cadmium plating on the latch, and interfered with paint adhezion on that
componeant.

4 Bewars that trailers are gometimes Htored upside-down to zave sgpace.
frovide drain holez that will be at the lewast points far
gtorage/shipment pezitiong, in addition to drain hole®2 for the normal
pogition.
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Bolution: MICOM spacified wash primer treatmant, par DOD-P-15328, on
containersg in place of MIL-C-S541. In addition, usa of atainless steel
latchee waz investigataed.

Leggon; When gpecifying a dip-type treatment for an item, consider
all materiald which may be exposed to the chemical# involved, MIL-0-5641
chromate treatmants are intended for aluminum but not for cadmium
gurfaces.

16,10 Case Higtory ¥10 (MADPAC Digezt, Number 1, 86/84, page 12).
TACOM reported failure of electric astarter in M113AZ armored
perzonnel carrier.

Cauge: Irternal corrogion due to water entry.

Solution: A gasket was added to the technical data package %o
prevent water entry.

Legson: With zome components, it ig vital to usde zealz and gaakets

to keep molgture out.

10.11 Casza History %11 (MADPAC Digedt, Number 1, 6/B4, page 17].
TACOM reperted paint failures on aluminum fendera on M1 tanke.

Causa: The contractor wasn't following the specification
{MIL-C-5541) for pretreating the gurface pricr to pailnting., Thig rezulted
in ppor paint adhesion.

Bolution: Proper pretreatment, in accordance with z2pecification, plus
tightened inspection procedures prior to acceptance.

Lazgon to be learned: Propar quality assurance iz vital to corroaicon
pravention and contrel. The bast standards are useless if not enforced.

10.12 Case Higtory #123 (The Corromion Dige=t, Number 8, 10/86 paga 2).
Sharpe raported pitting and exfeliation of an aluminum alloy 2024
side rail.

Bolution: BReplace with type S051-TH aluminum alloy.

Lagzon: Though 2000- and 7000- ssrieg aluminum alloyg are strong,

they are algo vulnerabla te corrosion,. especially in highaer strength
tempers.

10.13 Ca=ze Higtory #13  (Op Cit, page 7). MICOM reported corrogsion of
rotary coupler in chaparral radar zat.

Caue: Moisture ingress
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Solution: Inatall rubber Baal with packing material over tha top of
the rotary coupler.

Lasgon: Use Zeals, gagkets, packing in placed where meizture may
enter. (Seals on icp, drain holes on bottom).

10.14 Cade History %14 {0p Cit, page 14)

Annizton Depot reported corrosion of approximately 200 self-locking
Bteal head bolts on the Ml tank's X-1100-3B transmigaion. Cerrogion alzo
gccurrad on the aluminum alloy 355-TT71 trangmisgion housing covar where
the belts are faztened.

Causeg: Although the bolt® were zuppozed to have been
cadmium-platad, the plating wae omitted. This redulted in the bolt=
guffering corrofign themgelves, and also cauged the bolts to act as
cathodes with regpect to the aluminum houging.

Solution: Here iz ansther instance of laps#e in gquality control.
With the present arrangemant, make zure the plating on the boltz is per
drawing specification.

For the future, ude a more compatible faghening syatem. Here iz a
dood application for fagteners coated with a good protactive finish, i.e.,
ceramie-metallic.

The transmiggion housing should be treated with protactive finisgh
after drilling holeg and after all machining operations. To prevent a
large cathodessmall anode gituation at posgible defects in the coating
applied te the aluminum, use properly treated bolts. Such bolts will be
laags likely to act as cathodes, and les® likaely to corrode themzelvasz.
{See figures 13, 16, and 24.)

10.15 Cage History %15 (Op Cit, page 171
MICOM repeorted corrgsion of various parts inside multiple launch
rooket system {MLR3} electronic box,

Caude:. Meoigture intrusion.

Solution: Engineering change proposal included design changes to
eliminate moisture leakage pathz intoc the unitsa,

19.16 Cage Higtory #16 (Op Cit, page 18) In ancther example of
electronie componant failure reponted by MICOM. a conformal coating, per
MIL-T-46055, type AR, proved inadeguate during humidity testing of
Hellfire autopilot circuit card aezemblies.

Solution: Coating compedition and application method were modified.
Circuit cards ars now gcreened for adequate performance with water mizt
tagte,
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18,17 Case History #17 {(0p Cit, page IB) TACOM repcrted corrosion of a
ferroud metal gage rod cover aggembly around the area where it was welded
to the gage rod.

Cause: Plating too thin, alsge, plating not reapplied after welding.

Solution: Drawing was changed te gpecify application of coating
after welding.

Legsong: 1. Adequate Q& ghould be enforced regarding coating
thicknags.
2. Anytime gomething is asdembled by welding., protective
coatings ghould be applied [er, reapplied) afterwards.
3. DBeware, alzo, that forming operations may vub ofi
cadmium or other protective coatings. Apply such
coating= after any such operations.

10,18 Case Higtory ®18 (0p Cit, page 207 The Corpug Christi Dapot
reported corrogien on the inside surfarce of pagnegium alloy AZS1 taijl
retor dearboxes on UH-1 helicoptara.

Caugea: 1. The gearbox housingg had Dow 7 dichromatasMIL-F-23377
epoxy primer on the cutgide gurfacer, but the inszide
gurfaces wara unprotected,

2. Moisture intrusfion.

Solutien: Provide a corrogion resistant coating on the ingide
gurfaces.

Lezgong: With magnesium housings (i.e., if such are uzed for ground
vehicle transfer cases), the dezigner ghould uge high purity magnegium
alloy [ag free ag poggiblae from copper. nickel, irgn), adeguately
protected on all surfaceg. And, use meals and gagketg to keep
environmental moisture cut of the unit.

i0.18 Cage Hiotory %19 (Op Cit, page 23} Coprpug Christi Depot reportad
corrodion of lids on atorage/shipping contaiperg for aircraft components.

Cause: Though painted, the container lids were degigned f(albeit
unintenticnallyl such that water was trapped,.

Sclution: Re-design container and lid s¢ that water will run off it.

Leggon learned: Any undrained sump ares ig a potential cerrosion
dite.

Tha “tuwition” for thig lesgon was very high. Expanajve aviation
companents ware ruined by water intrugien into the containers, because of
the lid corrogion.
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For axpenaive iteme in storade, conegider temporary corrodion preventive
agents {i.e., temporary coatings and/or vapor-phage corrosion inhibitersl.,
and cther measures speciiied in MIL-P-116H (Pregervation, metheds= of).

16.2¢ Case Higtory #EO (Op Cit, page 28)
MICOM reported that MIL-P-52192 primer and MIL-C~52929 topcoat failed
wet tape adhagion test.

Tause: Paint was applied, and curing attempted, at temperatures
below SOF, which ia too low.

Solution: Avoid painting when ambient temperature iz too low far
FToper curing.

10.21 Caszs Higtory K21 (Op Cit, page 58) Annizton Depoi reported
receiving M4 and MEQ tank final drive unitys, Irom variousx places, with
Tust on machined areas. '

Cavgde: Units not properly preparad for shipment.

Selutiong: 4pply P-19 preservative to threads and machined areas
prior to shipment.

Les=on: Iren, ag in mild or cast steel, waniz2 to be an oxide. All
surfares ghould be protected during storage and shipment. This iz where
temporary corrosion-preventive compounds are useful.

14.22 Qage Higlory #32 (Op Cit, page 58} MICOM eeported corrosion of
cadmium-plated 2teel rivets during salt, fog, humidity, and rain
anviponmental portions of firgdt artiele testing of Jlight weight missile
launaharp,

Solution: Additional tests demostrated that nickel-plated bragse
rivets would be zatisfactory. The necegsary design change wag made before
the item was pul int¢ full 2cale production.

Leszon: This cage hisztory demonatrates the value of firgt-article
testing.

10,23 {Case Higtory %23 (MADFAC Digest, Number 1, 5/84 paga 185, alse
MADFAC, Number 213, 1/85, page 25.

Welded ztainless gteel water tanks (M14942) guffered corregion in tha
weld areas.

The cauze wasz found %o be free iron present in weld glag, or
introduced by improper grinding and wire brushing.

Solution: New cleaning procedures, including non-chlorinated
scouring powder, non-metallic brugshing, and flushing with clsan water.
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Leggon; Thie casza showg the importance of proper welding procedures
when welding certain materials. The auther reminds readers that, when
welding augtenitic stainlegs ateelsa, be wary of intergranular corrosion
{Sea par. J3.3.5).

i0.24 Case History ¥i4 (Correzion Digegt, Number &, 10786, page 64).
TACOM reportad guperficial rugting of GLCM trangporters.

Caude: The paint gygtem (CARC) wag inadequately applied. The paint
thickness wa® lemz than what wag gpecified.

Solution; Legal action waz taken to reclaim the rosgt from the
contractonr.

Leggons: Even the begt paint system iz wogrthless without adeguate
Q&. All layers, from pratreatment to final topeoat, must be applied
according 4o gpecifications and must be within #pecified thicknesas
allowances, Ugde thickness gaging to ingpect the contractor's work, and
algo use teste duch asz adhegive tape to check paint adhegion.

However, don't be too quick to blame the contractor when paint
quality laps=ss gcecur. The design engineer should remember that some
degign features (gharp corners, deep recesges) are difficult to ceat
eyanly.

14.25 Case Higtory ¥26 (Op Cit, page 68) Anniston Depot reported severe
corrosion of rear drain valve control reod agsgembly on MS0 tanks. They
suggested uzing stainless steel, or an effectiwvea corrogion-resistant
coating.

Lesgon: {Components that must be located near the bottom of an
armored vehicle hull have to be akle to withstand water immerzion.

Congider uging poewder-ceated steel parts, using a coating material
that can with=tand coentinuous water immergioen.

If using stainless gteel, remomber that 5.8. materials suffer pitting
in chloride-containing media. Type 318 =.3. 1= more resistant to pitiing
than typa 304. However, the designer should specify the least expengive
material that can gatisfy performance reguiremants,

10.28 Cage Higtory %26 (0Op Cit, page T2) MICOM reported failure of MLRS
azimuth regolve and switch aEsemblien,

Cauge: Moigture intwus=ion during vahicle cleaning with high pressure
watar. hRocefs doors were inadeguately decured againat water streams.

Solution: Engineering changds prepeosal was igsued te gtiffen the

access doord, improve the fastsning arrangement, and change frem cork to
Tubber gaskets,
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Lasson: Armovad vehlcles zheuld be designad Lo ©e gleaned with higd
preggure water gstreame. Thiz ig how scldiers clean off depogits of mud
that are likely to build up on 2uch vehicles during field exaercizesn.

0. 27 High Mobility Multipurpose Whaalad Vehicle Corrosion Problems.

Tha following corrosion problems encountared with the HMMWY, and
their redolutions, wara contributed by I. Carl Handsy of the TACOM
Corregion and Materials Group,

HMMWY problem %1: Mirror bracket aggemblieg.
Mirror asgamblies experienced Tust, dua to poor finis=h.

Fossible solutions: 1. Improve Q.C. ingpectioen.
2. Stainless steel conatruction.
3. Ralwvanizing.
4§, UVae reinforced polymer ("Compozite’)
matarial, '

Recommendationg: TUsze galvanized stesl, followed by zinc phosphata
pretreament, epoxy primsr, and peolyurethane (CARC) topooat,

Avthor's comment: The zine layer (galvanizing) doegn't have to be as
thick az would be needed if it were the sole protective lawyer. A4 thin
zinc layer, with 2n phesphate pretreatment, helps retard paint pseling at
tocal paint defects {holiday=}. Thegde may cccur due to guality lapses, or
damage %o the paint coating by =toned or other miggileg.

HMMWY problem #2: Strike, catch, cargo ghall door,

Said components rusted, becauze of poor quality centrsl of protective
plating and painting.

Pogaible golutiona: 1, Imprave Q.C. of plating.
2. Improve Q.C¢. of painting.

Recommendations.: Beth of the above.
For #mall componrent®, fluidized bed powdar coatinges are a posgible
option, if a material can be found that meets CARC Tequirsments.

TGIC-cured polyester iz a pomaibility.

HMMWY problem #3: Bedy mounting bolts.

Boltg were rusting.

Poggible sglubions: 1. Seal belts after aggembly with dry film
coating.
2. Use ceramic-metallic coating (see par,8.9.2)
3. BStainless #teel bolts
4, Compoaite bolta
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Recommendations: Ceramic-metallic cocatings, or atainleds steel.
Author's comment: Try the former. Stainlesz gteels are known to

sutfer stregg-corrodion cracking in gome environments. Polymer composites
ara not faztener materials,

. HMMWY problem ¥4: Latch azsembly, hood releasge.

Froblem: Rust

Foggible solubione:; 1. Hot dip galvanize.
2. Compezite material.
3. Stainleas dteel.

Recommendation: Hot dip galvanize.

HMMWY problem #5: Floor matsz.

Moisture, retained by floor mats, cause® corrogion of floer pan.

Pospible selutions: Bze cloged cell foam condruction, or
ercapgulated foam material, depending on cost.

See cage hiztory #3 (M232 trucks). It cannot ba emphazizad enough
that a floor pan muzt be protected on the crew compartment side with a
coating gystem that can withstand continuoug exposure to dampnese. The
HMMWY floor pan ig aluminum, not ateel az with the M939. Accordingly, a
different cpating syztem is required. Congider using anodizing sealed
with polyurethana, followed with a CARC itopcoat (#ee par 9.2.2). Another
poggibility 12 a powder coating sgystem.

Gtherwige, the fleor pan corrosion problem in the HMMWY ahould be
addrezzed in the same manner a2 the corrasponding problem with the M939.

EMMWY problem #¥8: Frame rails.

Froblem: Rust on inside of frame Tatl.

Cauga: Ingufficient claaning and inadequate E-coat primer
application.

Pogzible golutions: Improved immerszion cleaning and ¢.5 mil of E-coat
primer,

Hecommendationz: Both of the abova.

This problem wag regolved betwesen TACOM and the HMMWY prime
coptractor, AM general. All future frame railz will be thoroughly
cleanad, and a minimum of 0.5 Mil E-coat primer ig required on all
gupfaces., (Author's comment: ODrill all necegzary holez before applying
gurface treatmantd)
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BV prebilem #%: Roll bar, E pillar.

Problam: Rust caused by poor paint finieh and abrasmion of door panel
again=t the pillar.

Solutions: 1, Qalvanize atesl parts.
2. Apply zmelf-sticking tape to faying eurfacez of door
frame and pillap.
3. Improve paint application quality.

Lessgon: Heware of abragion between mating partz that would remove
protective coatings.

HYMWY problem #8: Steel troop geats.

Problem: Ceorrczicn of assembly due to diszimilar metal effecty (the
HMMWY haz an aluminum body) and poor quality of protective ceoatings.

Soluticn2: 1) Igclate dizsimilar metals.
2) Galvaniza steael parts.
31 E-ceoat primar/CARC topcoat.
4] Zine phogphate pretreatmsnt,
5 Tda aluminum, rather than steel Heats.

The recommendation wag to use acluticns 1 thru 4.

Comment: Diggimilar metal joints ghould bte az shown in Flgure 13.
Agzembly procedure should be ag in Figure 16. Separately treat the zaat
apgembly and aluminum body with their respective coating eystamm, than

azgemble., uging joint dezign techniques that electrically isvlate tha
gteel and aluminum.

Finally, uge fagteners treated to resist corrozion.
HWMWY problem #89: Roof panel assembly, bagic armor.
Problem: Rust, due to poor gquality of paint finish.

Solutionz: {alvanize the stesl panels and tighten quality controls
ragarding painting.

AM General now uses E-coat primer for roof panela. Good QA 15 a
challenge, because the E-coat process is performed by a subcontracter.

HMMWY problem #13: Drain holes.

Prablem: Poor drainage.

S¢lution: BHelocate drain helea to lowest pointz on tha floor.

dction taken: AM General hag radesigned the drainaga hole ayatem to
eniarge drain holeg, and to add more where needed.
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